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Abstract 
Complex Plasmonic Nanostructures: 
Symmetry Breaking and Coupled Systems 
By 
J. Britt Lassiter 
Metallic nanostructures support resonant oscillations of their conduction band electrons 
called localized surface plasmon resonances. Plasmons couple efficiently to light and 
have enabled a new class of technology for the manipulation of light at the nanoscale. 
Nanostructures that support plasmon resonances have the potential for a wide range of 
applications such as enhanced optical spectroscopy techniques for chemical- and bio-
sensing, cancer diagnosis and therapy, metamaterials, and energy harvesting. As the field 
of plasmonics has progressed, these applications have become more sophisticated, 
requiring increasingly complex nanostructures. For example, coupled nanostructures of 
two or more nanoparticles are used extensively in plasmon-enhanced spectroscopy 
techniques because they exhibit extremely large optical field enhancements. Asymmetric 
nanostructures, such as nanocups (metallic semishells), have been shown to support 
magnetic modes that could be used in metamaterials applications. This class of complex 
plasmonic nanostructures holds great potential for both the observation of new physical 
phenomena and practical applications. 
This thesis will focus on the fabrication and characterization of several examples 
of these complex nanostructures using clarkfield spectroscopy. The plasmon modes of a 
dimer consisting of two nanoshells are investigated in both the separated and 
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conductively overlapping regimes and are interpreted using the plasmon hybridization 
model. Next, coupled nanoclusters of seven particles arranged in a hexagonal pattern are 
studied. It is found that these nanoclusters support Fano resonances due to the coupling 
and interference of degenerate subradiant and superradiant plasmon modes. These 
structures are found to have an extremely high sensitivity to the local dielectric 
environment, making them attractive for biosensing applications. Variations on the 
nanocluster geometry are then explored, and it is observed that by adding more particles 
and varying their sizes, the lineshape ofthe Fano resonance can be precisely engineered. 
The underlying subradiant and superradiant modes are then analyzed using 
cathodoluminescence imaging and spectroscopy. Finally the plasmon modes of 
asymmetric nanostructures are measured. Nanoeggs (nanoshells with an offset core) and 
nanocups (metallic semishells) are fabricated by electron beam induced ablation, and 
their plasmon modes are measured. The plasmon modes of nanocups are studied in 
detail, and nanocups are found to support both electric and magnetic plasmons. 
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Chapter 1: Introduction 
The field of plasmonics has rapidly expanded over the previous decade, driven by 
an intense focus on applications. 1-3 Surface plasmons are oscillations of the free electron 
gas at the surface of a metallic structure. They couple efficiently to light and offer the 
ability to enable confinement and manipulation of light in the nanoscale size regime. 
Extended structures such as metal films, gratings,4 nanowires,5 and channel grooves6 
support propagating plasmons. Many of these structures have great potential for use as 
plasmonic waveguides that can carry information across computer chips at essentially the 
speed of light, much faster and with much higher bandwidth than electronic information 
transfer. Nanostructures, on the other hand, support localized plasmon modes, which 
have the ability to confine and greatly enhance the electric field of light. 7 These 
structures also have vast potential for a wide range of applications: enhanced 
spectroscopies such as surface enhanced Raman spectroscopy (SERS)8-12 and localized 
surface plasmon resonance (LSPR) sensing, 13 building blocks for metamaterials, 14-16 and 
solar energy harvesting and infrared detectors. 17•18 As these applications have become 
more sophisticated, the required nanostructures have also become increasingly complex. 
For example, coupled nanostructures oftwo or more nanoparticles are used extensively in 
plasmon-enhanced spectroscopy techniques because they often exhibit extremely large 
optical nearfields. 19-21 These coupled structures have also been shown to support new 
phenomena such as Fano resonances,Z2-24 or resonances with asymmetric lineshapes as a 
result of coupling between broad and narrow plasmon modes. These structures are 
extremely good sensors of the local refractive index.25-28 Asymmetric nanostructures 
such as split ring resonators14-16 and nanocups29-31 have been shown to support magnetic 
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modes that could be used in metamaterials applications. This class of complex plasmonic 
nanostructures holds extremely high potential for both applications and new physical 
phenomena. This thesis will focus on the fabrication and characterization of several 
examples of these complex nanostructures. 
Chapter 2 gives background information concemmg several topics discussed 
throughout the thesis. First, plasmon hybridization theory is explained and then used to 
explain the optical properties of nanoshells as an example. Next localized surface 
plasmon resonance (LSPR) sensing is discussed and the figure or merit for LSPR sensors 
is defmed. Then the underlying physics of Fano resonances in plasmonic systems is 
explained. Lastly, the nanocup geometry is defined and its potential for use in 
metamaterial applications is discussed. 
Chapter 3 provides a detailed look at the experimental technique of darkfield 
spectroscopy, and how it is used to characterize individual plasmonic nanostructures. 
Complex nanostructures often cannot be characterized by ensemble methods because 
their properties are lost among randomly oriented or inhomogenous ensembles, making it 
imperative that individual nanostructures can be observed and characterized. Darkfield 
spectroscopy has become the most widely used technique for characterizing single 
structures, and will be used extensively throughout the remainder of this thesis. Several 
variations on this technique are discussed in detail in chapter 3. 
In chapter 4, the darkfield spectroscopy technique is applied to characterize 
coupled nanoshell dimer structures. By polarizing the incident light in the darkfield 
microscope and correlating the spectra of a nanostructure to its precise geometry via 
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SEM imaging, a deep understanding is obtained of nanoshell dimers in both the cases of 
touching and nontouching dimers. 
Chapter 5 examines planar nanoclusters of 6, 7, and 8 particles. These 
nanoclusters exhibit Fano resonances that can be precisely controlled by changing the 
cluster geometry. In particular, the heptamer, or a seven member hexagonally arranged 
nanocluster exhibits a sharp dip-shaped Fano resonance that is highly influenced by the 
nanostructure's dielectric environment. It is found that this structure makes an extremely 
sensitive LSPR sensor with the highest figure or merit recorded for any single structure. 
Chapter 6 builds upon chapter 5 with a detailed examination of Fano resonances 
in coupled planar nanoclusters. It is found that by changing the number of particles in the 
cluster and the size of the center particle, the Fano resonance can be designed to have a 
specific width and depth. In larger clusters, the Fano dip achieves true EIT -like 
transparency over a range of wavelengths. The modes of these structures are examined in 
greater detail using cathodoluminescence spectroscopy and imaging. Under electron 
beam excitation, the Fano resonance disappears and is replaced by single modes that 
differ when the beam excites the structure at different locations. These phenomena are 
explained using a simple mass and spring oscillator model. 
Finally, in chapter 7, the plasmon modes of nanoshell-based, reduced-symmetry 
structures are examined. Nanoeggs (nanoshells with an asymmetrically thinned shell) 
and nanocups (semishells) were fabricated by starting with a nanoshell and using an 
electron beam ablation process to thin and ultimately remove one side of the shell. 
Darkfield spectra of individual structures are obtained at several intervals during this 
----- -------------------
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ablation process. Simulations are then used to assign the modes of nanocups in both the 
retarded and quasistatic regimes. 
5 
Chapter 2: Background 
2.1 Plasmon Hybridization 
The field of plasmonics has progressed rapidly with many new structures and 
devices introduced each year, each with unique properties for specific applications. As 
the demand for new applications grows and plasmonics is extended into new areas of 
science and technology, it is necessary to be able to rationally design functional 
plasmonic structures with specific optical properties. This demand has resulted in a trend 
of increasing complexity in plasmonic structures, which in tum has resulted in a need for 
advanced modeling techniques. Several different techniques exist for modeling 
plasmonic structures and advancements in these techniques have progressed rapidly in 
recent years. 
Mie theor-12 1s an example of an early technique for modeling plasmonic 
structures. First introduced in 1908 by Gustav Mie, 33 Mie theory is an analytical solution 
of Maxwell's equations which gives the scattering and absorption of spherically 
symmetric structures. However, spherical symmetry is relatively rare when considering 
the vast multitude of potential geometries and coupled plasmonic systems, and thus Mie 
theory is significantly limited in its applicability. Recent advances in numerical 
simulation methods such as the Finite Element method (FEM)34 and the Finite Difference 
Time Domain (FDTD)35 have allowed for electrodynamic simulations of almost 
arbitrarily complex geometries. These simulation methods work on the principle of 
discretizing all objects into very small elements of a geometry for which Maxwell's 
equations can be easily solved. The full solution to a particular problem can be 
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constructed from the solutions for each individual element. Thus these techniques are 
only limited by the amount of computational power and time at one's disposal. These 
numerical simulation techniques are brute force methods that give very little 
understanding of the underlying physics. Rational design requires more than simply 
plugging in a geometry and then getting back the plasmon energies or a spectrum 
associated with it. Instead, it requires a framework for both quantitative prediction and 
qualitative intuition of plasmonic properties. 
These needs can be met by the plasmon hybridization method. 36-38 Plasmon 
hybridization is a relatively new way of modeling plasmonic systems that gives a much 
deeper understanding of the underlying physics. Plasmon hybridization provides an 
analytical solution of the dynamics of deformations of the electron gas in a metallic 
structure. In this formalism, metal nanoparticles are treated as an incompressible, 
irrotational liquid of negative charge (electrons) sitting on a positively charged, fixed 
background (atomic lattice). The Langrangian for a complex structure, consisting of 
multiple simpler components can be expressed in terms of the plasmon oscillation 
amplitudes of the simpler structures with an interaction term that describes the coupling 
between the components. Thus plasmon hybridization gives a framework for both a 
qualitative and quantitative understanding of the plasmons in a complex structure as 
hybridized modes of simpler constituent structures. This formalism is analogous to 
molecular orbital theory, where the electron orbitals of individual atoms hybridize to 
form molecular orbitals whenever two or more atoms are bonded together. 
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2.2 N anoshells 
An illustrative example for plasmon hybridization theory ts the metallic 
nanoshell, 38 which will be used several times throughout this thesis. N anoshells are 
spherical nanoparticles consisting of a Si02 core coated with a thin gold shell.39 
Typically, the core's size ranges from 50-200 nm and the shell ranges from 10-30 nm. 
Nanoshells are made by wet chemical fabrication where the Si02 core is functionalized 
with a linker molecule, aminopropyltriethoxysilane (APTES), which bonds to the Si02 
core via the silane group. Small (1-2 nm) Au nanoparticles are then attached to the other 
end of this linker molecule via the amine group. These nanoparticles act as seed particles 
for the growth of additional Au on the surface by reduction from solution in order to 
create a complete, thin shell.40 
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Figure 2.1: (A) Schematic showing the geometry of a nanoshell. (B) Calculated 
extinction spectra for several nanoshells with a constant core radius of 60 nm and four 
different shell thicknesses (indicated by the numbers above each curve. 
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Nanoshells have extremely versatile and highly applicable optical properties. 
Their plasmon resonances can be strongly tuned from visible to mid-infrared frequencies 
by precisely controlling the ratio of the size of the core to the thickness of the Au shell 
(figure 2.1).39 This tunability can be exploited for a wide range of applications, from 
surface enhanced Raman scattering41 to photothermal cancer therapy.42 The plasmon 
modes of nanoshells, and their strong tunability, can be understood extremely well using 
plasmon hybridization theory. 
In plasmon hybridization theory, the nanoshell plasmons can be thought of as 
hybridized modes between the primitive plasmons of a sphere and a cavity. The 
primitive dipole mode of the sphere and the cavity plasmon hybridize to create two 
nanoshell modes: an antibonding mode where the dipole moments of the sphere and 
cavity are anti-aligned and a bonding mode where the dipole moments of the sphere and 
cavity are aligned. As shown in figure 2.2, the antibonding mode is blueshifted to higher 
energies while the bonding mode is strongly redshifted to lower energies. The charge 
configuration of the antibonding mode causes the sphere and cavity dipole moments to 
oppose each other and subtract, resulting in a small total dipole moment for the nanoshell. 
This means that the antibonding mode cannot couple efficiently to light, and is sometimes 
referred to as a "dark" mode. The bonding mode, however, has a very large total dipole 
moment because the sphere and cavity dipole moments add together. Thus the bonding 
mode can couple to light very efficiently. 
The resonance frequencies of the bonding and antibonding modes are determined 
by how strongly the primitive sphere and cavity modes interact. Both the geometry and 
relative spectral positions of the primitive plasmons play a role in the strength of this 
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interaction. Thus by changing the ratio of the core radius to the shell thickness, the 
nanoshell bonding resonance can be controllably tuned to any frequency throughout the 
visible and infraraed. When the shell is made thinner, the inner and outer surface ofthe 
nanoshell can interact more strongly, which strongly redshifts the bonding plasmon 
mode. 
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Figure 2.2: Schematic showing plasmon hybridization model applied to nanoshell 
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Although the above explanation only discusses the dipole modes of the nanoshell, 
it is important to note that higher order angular momenta modes exist as well, and these 
modes hybridize in the same way as the dipole modes. Quadrupolar, octopolar, and 
higher order modes all interact and hybridize. However, different order modes are 
mutually orthogonal and thus only hybridize with modes of like angular momenta. 
Quadrupolar and higher order modes do not interact with light for small sizes of 
nanoshells because they have a near-zero dipole moment. It is important to note that 
these modes are seen in larger size nanoshells due to retardation effects, which allow 
higher order modes to become dipole-active. 
2.3 Localized Surface Plasmon Resonance Sensing 
Although the geometry plays a crucial role in determining the spectral location of 
the plasmon resonance in a metal nanoparticle, the properties ofthe materials that make 
up and surround the nanoparticle can also strongly influence the plasmon resonance. 7 
The plasmon resonance results in a sinusoidally varying charge buildup at the surface of 
the nanoparticle. This surface charge creates a large electric field near the surface of the 
particle that has been exploited for use in many applications. If the particle is embedded 
in a dielectric medium, then this electric field can polarize the medium. The polarization 
of the embedding medium also acts on the nanoparticle surface charge, effectively 
reducing the restoring force that drives the charge back to equilibrium This process 
results in a reduction of the plasmon resonance energy, or a redshi:ft. The degree to 
which the medium can be polarized, or the polarizability, increases with increasing index 
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of refraction and thus the degree of redshift of the plasmon resonance depends on the 
index of refraction ofthe embedding medium. 
This effect can be used as a sensing mechanism for chemical and biological 
applications, called localized surface plasmon resonance (LSPR) sensing. 13 Using this 
technique, one can measure the presence of any dielectric substance. In addition, it is 
possible to detect specific chemicals and biomarkers by functionalizing the surface ofthe 
nanoparticle with an appropriate molecular layer that binds both to the metal surface and 
to another specific analyte.43 When the analyte binds to the nanoparticle complex, the 
plasmon resonance will shift in a predictable manner. This technique has been applied to 
sense biomarkers for the early detection of Alzheimer's disease.44 It has even been 
shown that LSPR sensing can be used to measure binding kinetics and to detect 
extremely low concentrations of an analyte.45 
For these applications, it is imperative that the plasmon is as sensitive to changes 
in the local refractive index as possible. A particular plasmon resonance's sensitivity 
depends both on the degree ofresonance shift per unit ofrefractive index as well as on 
how easily this shift can be measured. The shift can be more easily measured with a 
narrow resonance than with a broad resonance. Thus a figure of merit (FOM) has been 
defined46 to characterize the sensitivity of plasmonic particles for LSPR sensing: 
FOM = (-ili) 
fwhm (2.1) 
where !lE (units of eV) is the amount by which the plasmon resonance energy has shifted 
as a result of the dielectric medium, !l.RI (unitless) is the change of refractive index 
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between two media for which the plasmon resonance energy was measured, and fwhm 
(units of e V) is the full width, in energy, of the plasmon resonance at half its maximum 
value. In practice, in order to characterize the FOM, one usually measures the plasmon 
resonance energy for several different embedding media with a range of refractive 
indices. In this case, these data points are plotted as the plasmon resonance energy vs. 
the refractive index, and the numerator in equation 2.1. simply becomes the slope of the 
linear regression line of these data points. Thus the sensitivity of a particular structure is 
proportional to the plasmon shift per refractive index unit and inversely proportional to 
the full width at half maximum ofthe plasmon resonance. 
2.4 Fano Resonances 
In 1961, Ugo Fano developed a mathematical framework for describing "shape 
resonances" in autoionization of He atoms.47 He sought to explain the asymmetric 
lineshape in the energy spectrum observed in this system. He explained this phenomenon 
in terms of the interference between a narrow resonance and a continuum. Although 
Fano developed this theory in the narrow context of atomic autoionization, the 
interference between a narrow resonance and a continuum (or a broad resonance) is a 
general phenomenon that occurs throughout a broad range of physics disciplines. In 
plasmonics, most plasmon resonances have a Lorentzian profile, typical of general 
resonant phenomena. Recently, however, Fano resonances have been observed in a 
variety of plasmonic structures such as ring-disk cavities,48 concentric spherical 
particles,49 and nanoclusters.Z2.23•50•51 
13 
1r 
phase 
Path 2 shift 
~ 
' 
' 
, 
_, ,.I 
"I , 
" Sub radiant Path 1 Mode 
Superradiant 
Mode 
Incident 
Photons 
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make a Fano resonance in a plasmonic system. Paths 1 and 2 represent two different 
routes for light to couple to the superradiant mode, directly (path 1) or via the subradiant 
mode (path 2). Note that the vertical width of the three bars represents the linewidth of 
the modes. 
In each of these systems, a plasmon resonance with a narrow spectral linewidth 
overlaps with a resonance of a broad linewidth.24 The broad mode interacts strongly with 
light and is called the superradiant mode, while the narrow mode interacts only weakly 
with light and is called the subradiant mode. When the subradiant mode overlaps in 
energy with the superradiant mode, the subradiant mode can "steal" energy from the 
superradiant mode via nearfield coupling. Note that the subradiant mode cannot be 
excited directly by light. Therefore the only way that the subradiant mode can be excited 
is by direct coupling to the superradiant mode. The Fano resonance arises due to 
interference between two paths by which the superradiant mode can be excited (figure 
2.3). In path 1, a photon excites the superradiant mode and then the energy is transferred 
to the subradiant mode and then back to the superradiant mode, while in path 2, the 
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superradiant mode is excited directly. During the energy transfer process between the 
modes in path 1, a 1r phase shift is acquired, leading to destructive interference. 52 This 
destructive interference results in a spectral lineshape with a broad resonance 
(superradiant mode) with a narrow transparency window, or dip, at the frequency of the 
subradiant mode (see green spectrum in figure 2.4 b). In some cases, this dip feature 
extends to the baseline, resulting in complete transparency at the subradiant mode 
frequency, a special case that can be considered to be an analogue to electromagnetically 
induced transparency. 24 
A useful model for understanding Fano resonances in plasmonic systems is the 
classical mass and spring model, frrst suggested by Alzar et al. 53 In this model (figure 
2.4), there are two masses, m1 and m2, each coupled to a rigid wall by springs with spring 
constants k1 and k2, respectively. The two masses are also coupled to each other via 
spring constant K. A sinusoidal driving force is applied to m1 only. In this analogy, m1 
represents the superradiant mode and ffi2 represents the subradiant mode. Like the 
superradiant mode, which is directly driven by light excitation, m1 is directly driven by 
the applied force, F. Like the subradiant mode, m2 can only be driven via coupling to m1. 
If one solves the equations of motion for this system, there will be a specific frequency 
where m1 moves very little and m2 oscillates strongly. If the power dissipated by m1 is 
plotted (figure 2.4 b, green), a characteristic Fano resonance/EIT lineshape consisting of 
a narrow transparency window, or dip, in the spectrum at the resonance frequency offfi2 
(subradiant mode). The depth of the dip is determined by how strongly m1 and ffi2 couple 
through the coupling constant, K, and if they do not couple at all, then no Fano resonance 
is observed (figure 2.4 b, blue). Similarly in a plasmonic system, the coupling between 
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the subradiant and superradiant modes determines the lineshape of the Fano resonance. 
By appropriately choosing the values for the masses and spring constants in order to tune 
the oscillation frequencies and by choosing the appropriate values for damping in the 
system and the coupling between mt and m2, plasmonic Fano resonances can be precisely 
fitted with the Alzar model. This model can give valuable insight into plasmonic Fano 
resonances and will be used later in this thesis. 
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2.5 Nanocups 
Nanocups are reduced-symmetry nanostructures consisting of a cup shaped 
semishell of Au, typically on a spherical Si02 or polystyrene core?9-31 •54•55 These 
particles have two fundamental dipolar modes: an axial (electric) plasmon mode that is 
excited by light polarized parallel to the cup's axis of symmetry and a transverse 
(magnetic) mode that is excited by light polarized perpendicular to the symmetry axis of 
the cup (figure 2.5). The transverse mode is a magnetic mode because a dipole moment 
is induced across the rim of the cup setting up a current flow around the outside of the 
metal semishell. This current induces a magnetic field in the interior of the nanocup that 
oscillates at the resonance frequency. 
Axial (Electric) 
Mode 
Transverse (Magnetic) 
Mode 
Figure 2.5: Schematic of the axial and transverse modes ofnanocups. 
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These cups are similar to the split rmg resonators used for metamaterials 
applications in the infrared and microwave frequency ranges. 14 The magnetic modes of 
split ring resonators are exploited to create media with a negative permeability at high 
frequencies in order to achieve negative refraction and cloaking properties. Similarly 
nanocups have attracted interest as a potential building block for metamaterials in the 
visible frequency range via their strong magnetic resonance. It has also been shown that 
this magnetic mode has the unique property ofbeing able to ''bend" light.30 Light that is 
scattered by the magnetic mode tends to be reradiated according to the direction of the 
magnetic mode dipole moment, regardless ofthe incident direction. This property could 
hold promise for coupling light into waveguides and solar cells. 
Chapter 3: Darkfield Spectroscopy of Plasmonic 
N anostructures 
3.1 Spectroscopy of Individual Nanostructures 
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When light impinges on a plasmonic nanostructure, it will either be elastically 
scattered or absorbed in proportion to the amplitude of the plasmon oscillation. Thus 
light is strongly scattered at the plasmon resonance frequencies, but the particle will not 
interact with light (transparent) at frequencies away from the resonances. As a result, one 
can discern the plasmon resonances of structures using optical spectroscopy. 56 The field 
of nanotechnology originally inherited spectroscopic techniques from the fields of 
chemistry and physics. However, these techniques typically involved measuring the 
optical spectra of a large ensemble of molecules or atoms simply because it was not 
possible to measure one atom or molecule, nor was it necessary. Similarly, most early 
experiments in plasmonics were also confined to the measurement of large ensembles of 
particles. 
However, it soon became obvious that, in many cases, the plasmonic properties of 
a nanostructure were not necessarily always captured accurately by ensemble 
measurements. Chemical fabrication techniques essentially never produce a completely 
monodisperse ensemble of particles. From particle to particle, variations in the size and 
shape are virtually always present. This leads to a problem in that each particle in an 
ensemble has a slightly different spectrum, and thus the ensemble spectrum has 
broadened peaks such that some features cannot be observed. This problem has been 
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observed even for the simplest plasmonic structures such as spheres 57 and nanoshells. 58 
Furthermore, even more problems with ensemble measurements arise for complex and 
asymmetric structures such as dimers, nanocups, or lithographically fabricated structures. 
Here the fabrication techniques are much more complicated leading to the twofold 
problem that the ensemble has an even more exaggerated inhomogeneity, plus the yield 
of final structures is often so small that conventional ensemble techniques cannot even 
register spectra for such low concentrations. Furthermore, debates existed in the 
plasmonics community over the origins of spectral broadening in many plasmonic 
structures.56•58•59 Specifically, it was debated whether the broadened lineshape of small 
plasmonic particles was an intrinsic broadening caused by scattering of the electrons off 
the surface ofthe particle, or was this broadened lineshape due only to inhomogeneous 
broadening in an ensemble of particles. These debates could not be resolved by ensemble 
experiments. 
These complications in measurement of plasmonic nanostructures led to the need 
for new characterization techniques. In particular, it was desirable to be able to measure 
the optical properties of one, individual nanostructure. 60 Several techniques have 
emerged for this purpose ranging from near-field scanning optical microscopy, 60 total 
. 1 fl . 61 h d 1 . 62 63 1 t 1 mterna re ect10n spectroscopy, cat o o ummescence, ' e ec ron energy oss 
spectroscopy,63 and dark-field spectroscopy.57•58•64'65 However while each of these 
techniques gives extremely useful information at the single particle level, dark-field 
spectroscopy (DFS) is much cheaper and less complex to implement. As a result, several 
research groups began to use this technique extensively for characterizing single 
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nanostructures and for realizing new applications,45,66-71 and currently DFS is a widely 
used technique in plasmonics. 
3.2 Darkfield Microscopy 
Dark-field spectroscopy is based on performing imaging and spectroscopy with 
only the light that is scattered by a nanostructure. In this technique, a darkfield 
microscope is used to image, and collect light from a nanostructure. This collected light 
is then routed to a spectrometer for analysis. Both the darkfield microscope and the 
spectrometer are critical pieces that will be discussed in detail below. 
Dark-field microscopes of various forms have been used for over a century to 
improve contrast and to detect structures smaller than the wavelength of light. The first 
example of a dark-field microscopy technique was the ultramicroscope, originally 
developed by Zsigmondy for studying colloidal particles smaller than the wavelength of 
light. 72 In the ultramicroscope, light is introduced at a right angle of incidence with 
respect to the optical path of the imaging optics of the microscope. As a result, only the 
light scattered by a suspension of colloids is imaged, which allowed Zsigmondy to 
identify an~ study the individual colloids in a suspension, work that earned him the 1925 
Nobel Prize in Chemistry. More modern variations on dark-field microscopy are now in 
widespread use across a broad range of disciplines from biology to materials science, and 
also nanotechnology. 73 
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In clarkfield microscopy, the illumination is incident at a large angle with respect 
to the sample substrate normal. This incidence angle is large enough that it is outside of 
the solid angle where the objective lens can collect the reflected or transmitted direct 
illumination. As a result, only the light scattered by the sample is collected. Because the 
direct illumination is not collected, the background appears dark, and the observer sees 
bright features that scatter the light into the solid angle that can be collected by the 
objective lens. This differs from brightfield microscopy where the illumination is 
incident on the sample at normal incidence and is either transmitted through a transparent 
sample or is reflected by a reflective sample (figure 3.1). The microscope objective then 
collects and images the transmitted or reflected light, and the observer sees an image of 
the light that has been removed from the field of view by scattering or absorption 
processes in features on the sample. In other words, the observer sees an extinction 
image, producing dark features on a bright background. The clarkfield technique 
therefore offers significant advantages over brightfield microscopy for spectroscopy of 
nanostructures. It is possible to detect extremely small particles, using a clarkfield 
microscope, that only interact weakly with light. Furthermore an extinction 
measurement, as in the case ofbrightfield microscopy, is extremely limited by shot noise 
since the amount of light removed from the image by a nanoparticle is very small with 
respect to the bright background. Darkfield measurements do not suffer from this 
problem, however, since there is a very low background signal level in the dark image 
backround, and can therefore typically achieve very good signal-to-noise ratios without 
much difficulty. 
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Figure 3.1: Schematics showing the differences in the light path between darkfield and 
brightfield microscopy 
Dark field rmcroscopes can be setup in either a reflection or transmission 
geometry (figure 3.2). In transmission darkfield, a darkfield condenser focuses light 
through the backside of a transparent sample at a large angle with respect to the substrate 
normal. The light is incident on the sample in a hollow cone. The direct light continues 
into free space while the light scattered by the sample is collected by the objective lens, 
which is on the opposite side of the sample from the condenser. Here it is important that 
the darkfield condenser has a larger numerical aperture (NA) than the objective lens. The 
numerical aperture of a lens is defined by NA = n sin( B) where n is the refractive index of 
the medium between the sample and the lens and e is the largest angle of light that can be 
collected by the objective, measured from the substrate normal. By contrast, reflective 
darkfield configurations have the illumination source on the same side of the setup as the 
objective lens. Again, the illumination must have a larger NAthan the collection optics. 
23 
In most commercial darkfield systems, the condenser is built into the objective itself such 
that illumination is routed through optics in the outside portion of the objective housing, 
and the collection optics are in the interior of the objective housing. In both cases, the 
direct illumination is either transmitted through the sample or specularly reflected by the 
sample. 
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Figure 3.2: Schematic showing configurations for transmission and reflection darkfield 
It is important to note, however, that darkfield conditions can be easily achieved 
using simple, homebuilt microscopes as well. An independent illumination source can 
provide light incident at an angle larger than the objective lens NA. In these systems, 
simple optics can be used to direct an illumination beam onto the sample from one 
direction only. Depending upon the location of this illumination source, these systems 
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can also be configured into a transmission or reflection geometry (figure 3.3). While this 
directional illumination causes somewhat degraded imaging due to the lack of even 
illumination, these configurations can provide some advantages for spectroscopy such as 
angular control of the illumination incidence direction and easy implementation of 
polarization-dependent measurements. 
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Figure 3.3: Schetnatic showing transmission and reflection configurations for homebuilt 
darkfield microscopy systems 
3.3 Collection and Analysis of a Spectrum 
Once the scattered light has been collected, the microscope optics route it toward 
a spectrometer for analysis. Specifically, the tube lens of the microscope focuses an 
image of the nanoparticle onto the entrance slit of a spectrograph coupled to a scientific 
CCD camera. The light is dispersed into a spectrum by a reflective grating, and the final 
spectrum is focused onto the CCD. The final spectrum appears as a streak on the CCD, 
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where the streak is a focused image ofthe dispersed light from (figure 3.4C). Each point 
along the spectrum peak is simply an image of the particle at a particular wavelength. 
Note that the spectrometer slit plays an unconventional role in this spectroscopy 
technique. Typically the slit serves to control the spectral resolution of features in a 
spectrum. However, here the image of the nanoparticle is a diffraction limited spot, and 
the size of the Airy disk of the nanoparticle image determines the spectral resolution. 
The slit simply serves to remove the images of nearby particles on the sample that could 
provide spurious spectral features. Figure 3.4A shows an image of a large sample oflOO 
nm Au colloid particles, while figure 3.4B shows how the slit is used to select a particular 
particle from the field. (Actually any line of particles parallel to the slit can be selected 
and analyzed simultaneously.) The size of the slit opening controls the amount of 
background signal that enters the spectrograph, and thus influences the signal-to-noise 
ratio of the final spectrum, but the background signal is typically low enough that this 
effect is minor. 
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Figure 3.4: (A) Darkfield image of a field of particles on a glass substrate. (B) The same 
field of particles, except that the spectrograph slit has been moved into place to select a 
particular particle. (C) The grating in the spectrograph has been positioned to disperse 
the light into a spectrum. In all panels, the red arrow indicates the particular particle to 
be analyzed. 
Once the spectrum has been acquired, it must be analyzed in order to get a final 
spectrum, typically done using custom analysis code. The spectrum streak must be 
selected out of the larger spectrum image (figure 3.4C), by choosing a small range of 
horizontal pixel rows over which the streak extends. Each vertical line of these rows is 
summed in order to get a raw spectrum R. Next the background must be subtracted out 
of the spectrum in order remove any signal that originates from the sample substrate but 
not from the specific nanoparticle being measured. This is done by either taking a 
separate image over a background area of the sample, or a background region from the 
original spectrum linage (figure 3.4C) can also be used, given a sufficiently high quality 
CCD with minimal variations in sensitivity across the sensor array. In the latter case, two 
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ranges of rows from the image are selected that are directly above and below the 
spectrum rows and also identical in size to the spectrum rows. These background rows 
are summed across each vertical line of pixels to get two total background spectra from 
either side ofthe spectrum and are then averaged to give a final background spectrum B. 
The background spectrum will be used to remove unwanted signal from the raw 
spectrum, but it cannot account for wavelength-dependent variations in the efficiency 
with which the spectrum was acquired. These variations are caused by the spectral 
variations in the output of the illumination lamp, the quantum efficiency of the CCD 
camera, and the spectral efficiencies of all of the optical components in the entire light 
path of the instrument. The raw spectrum is a convolution of each of these spectral 
efficiencies with the spectrum of the actual particle. These contributions must be 
deconvolved by dividing out the instrument's response to a spectrally flat signal. For this 
purpose, a white calibration spectrum, W, must be acquired by focusing the microscope 
onto a white (spectrally flat), diffuse reflection standard (Labsphere). A dark calibration 
spectrum, D, or a spectrum taken with no illumination in the optical path of the 
instrument, must also be acquired and subtracted from the white spectrum in order to 
remove any detector dark current contributions from the white calibration spectrum. 
This data analysis can thus be expressed as the following equation for the final 
spectrum, S: 
s R-B 
W-D 
(3.1) 
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In figure 3.5, the components for each ofthese terms are shown for a test case colloidal 
gold particle along with the final spectrum after the above equation was applied. Here, it 
is evident if one subtracts R (red)- B (green), then the majority of remaining signal will 
be in the 500- 700 nm range, since there is almost no different between the two in the 
near IR wavelengths. The yellow curve represents the white calibration spectrum with 
the dark signal already substracted out, or the denominator in equation 3.1. By inspecting 
this curve it is obvious that there is quite a lot of variation in this instruments spectral 
efficiency, with several maxima and minima appearing throughout. Most of this 
variation originates from the light source, in this case. However, when these components 
are processed via equation 3.1, it is obvious that a smooth and accurate final spectrum 
can be obtained (blue curve). This spectrum, with the peak position at 600 nm, is 
characteristic of large colloidal Au particles, and shows that the data analysis was 
performed properly. 
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Figure 3.5: Construction of the darkfield spectrum for the 100 nm spherical Au 
nanoparticle selected in figure 3.4. Red curve is the raw spectrum, green curve is the 
background spectrum, yellow curve is the white calibration with the dark signal already 
subtracted. The blue curve is the real spectrum of the nanoparticle constructed from the 
red, green, and yellow curves according to equation 3.1. 
3.5 Polarization-Dependent Darkfield Spectroscopy 
For spherically symmetric plasmonic nanoparticles, the plasmon resonances that 
oscillate along any axis of the particle are all degenerate. However, this degeneracy is 
relaxed for particles with reduced symmetry, where modes of different energies can 
oscillate along each direction of the nanoparticle' s geometry. As a result, reduced 
symmetry nanoparticles have polarization-dependent scattering spectra. For example, 
nanorods are elongated nanoparticles that support two resonances: one near 550 nm 
when excited by light polarized along the short axis of the nanorod and another redshifted 
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resonance that occurs from ~650 nm to ~900 nm (depending on the aspect ratio of the 
nanorod) when light is polarized along the long axis ofthe nanorod.74 Other examples of 
polarization-dependent structures include nanoantennas, nanoparticle dimers, 69 and split-
ring resonators. 16 This class of asymmetric nanostructures has become increasingly 
prevalent as their potential for applications has been realized. Complete characterization 
of individual asymmetric nanostructures requires polarization-dependent darkfield 
spectroscopy. 
One form of polarization-dependent darkfield measurements requires simply 
placing an analyzer into the collection optics light path. For unpolarized illumination, all 
modes of the structure will be excited, and then the analyzer polarizes the scattered light 
that is collected by the objective lens. One can rotate the analyzer to align with particular 
axes of the nanostructure and obtain spectra corresponding to each polarization direction. 
This method works well for two dimensional structures where the only important modes 
are those that oscillate in the plane parallel to the substrate. In many cases, however, it is 
necessary to polarize the incident light. For example, one may need to isolate and 
measure plasmon modes that oscillate out of plane, such as measurements of three 
dimensional structures or structures that interact significantly with the supporting 
substrate. 75 In this case, one must be able to illuminate the nanostructure with S and P 
polarized light (with respect to the sample substrate). 
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(Unpolarized) 
Figure 3.6: Polarization-dependent darkfield illumination in a commercial microscope, 
using a polarizer and wedge cutout (shown as S polarization at the sample plane) 
In the case of homebuilt systems like those shown in figure 3.3, polarizing the 
incident light is simple by placing a polarizer in the illumination path. However, this is 
more complicated in commercial darkfield systems where the condenser is built into the 
objective housing. In this case, it is not enough to simply put a polarizer the optical path 
because there are multiple reflective surfaces in both the microscope and the objective 
housing that must be taken into account. In this case, the three dimensional geometry of 
the illumination path will result in mixed polarization at the sample plane. Light incident 
from different directions will be either S or P polarized, resulting in mixed and S and P 
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polarization at the sample. This problem can be solved by placing a wedge-shaped beam 
block in the optical path (figure 3.6). This allows some of the light to pass through the 
wedge-shaped cutout while the rest of the light is blocked, thereby selecting a single 
incidence direction and therefore a single polarization. When the polarization angle is 
parallel to the wedge cutout, the illumination will be P polarized with respect to the 
substrate, and when the polarization angle is perpendicular to the cutout, the illumination 
will be S polarized. 
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Figure 3.7: Determination of incidence angle for polarized illumination. (A) SEM 
image of a spherical nanoshell used to determine incidence and polarization direction. 
(B) Series of spectra for the nanoshell in A at analyzer angles from 0 to 180 degrees. (C) 
polar plot of the spectra amplitudes at 650 nm. The dipole pattern indicates that the 
polarization direction is 30 degrees. 
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If it is necessary to precisely control the exact angle of direction of the incident 
light, then an additional measurement is necessary to ascertain and calibrate this angle. 
This is accomplished by setting up the condition for S-polarization, as discussed above, 
and then measuring a spherically symmetric particle with a rotating analyzer. In this 
case, we will use a nanoshell with a dipole resonance at ~660 nm under all polarization 
angles (figure 3.7A). By keeping the illumination intensity, direction, and polarization 
constant as well as keeping the detector integration time constant and only varying the 
analyzer angle, one obtains a series of spectra that each have a peak at ~660 nm, but with 
different amplitudes. The spectrum with the highest amplitude peak should have 
occurred when the analyzer angle was aligned with the polarization of the incident light, 
and the lowest amplitude peak should occur when the two are perpendicular to each 
other. By plotting the maximum values of the plasmon peak on a polar plot vs analyzer 
angle, a dipole pattern emerges. The maximum of this dipole pattern determines the 
polarization angle. In this case the polarization angle is 30° and the incidence angle of 
the light must then be -60°. 
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Chapter 4: Plasmonic Coupling Between Two Nanoshells 
4.1 Introduction 
It is now well known that metallic nanostructures can support resonant 
oscillations of their conduction band electrons, termed localized surface plasmon 
resonances (LSPR), when illuminated with light of certain frequencies. 7 Plasmons give 
rise to large enhancements of the local electromagnetic field at the nanostructure surface, 
an essential aspect of surface-enhanced spectroscopies. 8-12•19•76•77 The plasmonic 
properties of a nanostructure depend dramatically on its size and shape, as has been 
demonstrated in studies of nanorods,74•78 nanocubes,46•79 nanostars,71 nanoshells,39 and 
numerous other structures. An understanding of how the plasmonic properties depend on 
geometry enables the rational design of nanostructures tailored for specific applications 
such as surface-enhanced spectroscopies/1•41 •80 where one seeks to maximize the 
electromagnetic field enhancement over specific frequency ranges, or LSPR sensing, 
where narrow spectrallinewidths and a high sensitivity to the dielectric environment are 
desirable. 46 
Directly adjacent nanoparticle pairs, also known as "dimers", give rise to very 
large field enhancements in their junctions, which make them highly attractive as SERS 
substrates, with enhancements approaching single molecule sensitivities.9-12' 19 Coupling 
multiple nanoparticles together in chain-like structures has also been suggested as an 
h 1 . 1 .d. d fi . 81-83 approac to nanosca e optlca wavegut mg an ocusmg. Advances in our 
understanding of plasmonic nanoparticle interactions will greatly facilitate our abilities to 
design, develop and optimize such coupled-nanoparticle systems. 
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Plasmonic dimers of various nanoparticles have been studied experimentally and 
theoretically,21 ·68-70·84-90 with the general observation that for incident light polarized 
along the dimer axis, a redshift of the longitudinal plasmon resonance occurs with 
decreasing nanoparticle separation. Plastnon hybridization theory applied to nanoparticle 
dimers has led to the understanding of dimer plasmon modes as the bonding and 
antibonding hybridized modes of the characteristic plasmons of the constituent 
nanoparticles, which remain charge neutra1.36·37·91 Recent attention has begun to focus 
on the transition that occurs in a ditner as the interparticle separation is reduced to the 
onset of conductive overlap and beyond. 86·92·93 When a conduction channel is present 
between two nanoparticles, new longitudinal plasmon modes involving charge 
oscillations between the two nanoparticles become possible. In this situation, the total 
charge on each nanoparticle will oscillate in time. As the particles are merged further, 
these plasmon modes blueshift to values determined by the aspect ratio of the composite 
particle. 
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Figure 4.1. Schematic diagram of the nanoshell dimer and peanut geometries. 
Individual nanoshells are defmed by the core radius r1 and the overall radius r2. The 
distance D is defined as the distance between the outer surfaces of the constituent 
nanoshells of a peanut or dimer. Thus for dimers, D takes on a positive value and 
represents the degree of separation, but for peanuts, D takes on a negative value and 
represents the degree of overlap. 
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Here, we examine the plasmon interactions of individual pairs ofnanoshells in the 
adjacent and touching regimes (Fig. 4.1). The characteristic plasmon resonances of a 
nanoshell, already significantly more sensitive to changes in their dielectric environment 
relative to solid metallic nanoparticles,94 interact strongly with the plasmon modes of the 
adjacent nanoshell. Using polarization dependent dark-field microspectroscopy, we 
examine the plasmon interaction for weakly and strongly interacting individual proximal 
nanoshell pairs and for individual touching nanoshell pairs, or "nanopeanuts". Strong 
polarization dependence for all modes of interaction is observed. With excitation 
polarization along the dimer axis, for strongly interacting nontouching nanoshell pairs we 
observe extremely large LSPR shifts and the excitation of hybridized higher order 
multipolar plasmon modes. In the touching regime, the plasmon spectrum provides a 
highly polarization and geometry-dependent signature of a plasmon mode involving 
electrons flowing back and forth between the two particles. High resolution SEM images 
reveal important structural details of each dimer and nanopeanut, permitting close 
comparison of theoretical simulations with experimentally observed plasmonic behavior 
in all cases. 
4.2 Experimental Methods 
Nanoshell dimers were fabricated by employing a multistep process similar to 
other recently developed dimer fabrication procedures. 95•96 Initially, nanoshells were 
fabricated as previously reported, 39 then deposited onto a glass coverslip functionalized 
with 1 wt. % poly(vinyl pyridine) (PVP) in ethanol.97 Next, the nanoshell-coated 
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coverslips were immersed in a 1 mM ethanolic solution of 1-dodecanethiol for 12-24 
hours, allowing self-assembled monolayers (SAMs) to form onto and passivate the 
nanoshell surfaces except for the small region of the nanoshell surface that touches the 
glass slide. The substrate was then removed from solution, rinsed, and sonicated for 
approximately 4 minutes in the presence of a 0.1 mM ethanolic solution of 1,9-
nonanedithiol. This step removes the nanoshells from the glass surface, exposing the 
unpassivated surface area of the nanoparticles so that the nonanedithiol molecules can 
adsorb, linking the nanoshells together to form dimers. Because the majority of the 
nanoshell surface was passivated before exposure to the linker molecule, the number of 
nanoshells that can attach to each other is limited, resulting in the preferential formation 
of dimers rather than extended aggregate structures. The nanostructures were then 
deposited onto a glass substrate for microspectoscopy measurements. This fabrication 
procedure results in a mixed dilute ensemble of nanoshell monomers, dimers, some larger 
n-mers, and fused nanoshell dimers, or nanopeanuts. The nanopeanuts are most likely 
formed during the initial nanoshell fabrication procedure when two nanoshell precursor 
nanoparticles adhere to each other before or during the formation of the gold shell. The 
resulting nanoparticle distribution allows us to directly compare spectra of individual 
structures on the same substrate and therefore under virtually identical experimental 
conditions. 
In order to directly compare a specific nanostructure's geometry to its associated 
spectra, individual structures were first located using environmental scanning electron 
microscopy (ESEM, FEI Quanta 400) on the glass substrate with respect to a gold finder 
grid evaporated onto the surface. 58 ESEM allows scanning electron microscopy to be 
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done in a low pressure (here ~2 Torr) water vapor environment so that excess charge can 
dissipate from the nonconductive substrate. Glass was chosen because it provides an 
unambiguous substrate for spectroscopy of plasmonic nanostructures that does not 
strongly modify the plasmon lineshape. The orientation angles ofboth nanoshell dimers 
and nanopeanuts were measured with respect to the finder grid, such that polarization 
orientations could be determined during subsequent optical measurements. Our optical 
setup for unpolarized and polarized dark-field microspectroscopy has been presented in 
previous works,58'98 and was outlined in chapter 3. 
For each structure studied experimentally, exact electrodynamical calculations of 
the optical response based on the boundary element method (BEM) were performed to 
examine agreement with experimental results.99 First, the dimensions of each particle 
along the directions of the measured polarizations were recorded using ESEM. These 
dimensions served as an initial guide for fitting the experimental data. For dimers, a best 
fit was obtained by varying the core sizes and the interparticle distance slightly, and for 
peanuts, the size and separation distance of the cores were varied. The nanoshells were 
modeled with a core dielectric function for Si02100 and with a shell dielectric function for 
A 101 u . 
A single nanoshell "monomer" was examined as a test case to ensure that the 
BEM simulations could match our experimental spectra well for a simple case and to 
verify that the expected plasmon spectrum was preserved for polarization-dependent 
illumination (Fig. 4.2). A monomer should theoretically have no polarization dependence 
due to its spherical symmetry. In our measurements we did observe a slight shift of the 
resonance under two different orthogonal polarizations (red and blue). However, 
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dimensional measurement of this nanoshell along the two polarization directions revealed 
a slight asymmetry of the nanoshell. By incorporating this asytnmetry into our BEM 
simulations, a small polarization dependence was observed, yielding excellent agreement 
between simulations and experiment. 
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Figure 4.2. Normalized scattering spectroscopy of a single nanoshell . Black spectra 
correspond to unpolarized illumination; blue and red spectra correspond to polarization 
arrows of the same colors in insets. The inset ESEM image shows the specific nanoshell 
monomer for the presented data (scalebar = 100 nm). (A) Experimental data for a single 
nanoshell. (B) BEM simulations fitting data in A. This nanoshell was fit as having a 
core radius of 40 nm and a slightly elliptical shell where the short semi-axis measured 52 
nm and the long semi-axis measured 57 nm. Simulations are normalized to the physical 
cross section of a nanoshell. 
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4.3 N anoshell Dimers 
Nanoshell dimers show dramatic and easily measurable interparticle plasmon 
coupling in their polarization-dependent spectra. In Figure 4.3A, the spectra and 
corresponding ESEM image of a nanoshell dimer with a relatively large interparticle 
separation distance on the order of the shell thickness is shown. Here and in the 
subsequent figures, the black spectrum represents illumination with unpolarized light 
while the blue (red) spectrum represents illumination that is polarized transverse 
(longitudinal) with respect to the dimer axis. The longitudinal polarization exhibits only 
a small redshift of the dipole plasmon (peak 1), characteristic of a weakly interacting 
dimer. The simulations reproduce the experimentally obtained spectra quite well (Fig. 
4.3B). The small redshift ofthe longitudinal dipole plasmon observed experimentally is 
reproduced qualitatively in the simulations by modeling a dimer with a 20 nm separation 
distance, a relatively large distance consistent with the ESEM image in Figure 4.3A. In 
the weak coupling regime the shift of the dimer plasmon is small and insensitive to 
interparticle distance. 
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Figure 4.3. Normalized scattering spectroscopy of nanoshell dimers. Black spectra 
correspond to unpolarized illumination; blue and red spectra correspond to polarization 
arrows of the same color in the insets. The inset ESEM images show the specific dimers 
for the presented data (scalebar = 100 nm). Peak numbers correspond to numbered 
energy levels in Figure 4.4. (A) Experimental data for a weakly interacting dimer. (B) 
BEM simulations fitting data in A. Both shells were fit as (r1, r2) = ( 42 , 59) nm with D = 
20 nm. (C) Experimental data for a strongly interacting dimer. (D) BEM simulations 
fitting data in C. Both shells were fit to be slightly elliptical, elongated in the transverse 
direction: The leftmost shell has a core with semi-axes 45 and 47 nm and an outer shell 
with semi-axes 58 and 60 nm while the righttnost shell has a core with semi-axes 42 and 
48 nm and an outer shell with semi-axes 55 and 61 nm with D = 1 nm. Simulations are 
normalized to the physical cross section of a nanoshell. 
For a nanoshell dimer with a much smaller separation distance the interaction is 
significantly stronger, exhibiting a much larger redshift (Fig. 4.3C). Here the ESEM 
image shows a nanoshell dimer with an interparticle spacing D~ 1-1.5 nm consistent with 
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the nanoshells being chemically linked by the nonanedithiol tether molecules. 102 For this 
dimer, the longitudinal dipolar plasmon mode has redshifted quite dramatically, to 930 
nm. The drastic increase in the degree of redshifting in this case has two origins. One 
contribution results from the fact that the interaction is mediated by the electromagnetic 
near field, which increases rapidly towards the shell surface. 103 The second effect 
contributing to the magnitude of the plasmon shift is the presence ofthe linker molecules 
between the nanoshells o~ the dimer structure. In our simulations, to achieve quantitative 
agreement with the experiment required the introduction of a 1 nm thick dielectric layer 
with a refractive index of 1.42 (corresponding to the SAM) surrounding both shells and 
the interparticle junction. This effect, which has important implications for nanoparticle-
based sensing, will be discussed further below. 
Two higher energy modes are also clearly observable in the longitudinally 
polarized spectrum of the strongly interacting dimer, denoted peaks 2 and 3 (Fig. 4.3C). 
These features cannot be resolved in the unpolarized spectrum since the longitudinal 
quadrupolar and octupolar dimer plasmons overlap the transverse dipolar dimer plasmon. 
The calculated longitudinal polarization spectrum contains three peaks, in good 
agreement with the experimental observations. However, the transverse polarization 
spectrum has a double peak structure, which was not experimentally observed. The 
single mode observed in the transverse polarization for the weakly interacting dimer (Fig. 
4.3A) is narrower than the transverse mode in the strongly interacting case (Fig. 4.3C). 
Therefore it is possible that the double peak structure is also present in the experimental 
data but cannot be resolved. 
A 
I= oo ===·•::::===::.:.•·==::1= oo 
I= 2 .. ~:.------;;;.- I= 2 
...... __ ,_. 
I ,_.--...... I = 1 <: 1 ... '/' = 1 
8 
........ ,, 
.... __ , 
,--, 
, ,--, , 
I= 00 === ; , I ' , ,, -====I= 00 ;;;,;;; ~ ; ,--, ... ~~ 
" / ... -:.~ .. /'t!. I= 2 ---, J ~~~";.: .. - c.: /--- 1= 2 
' .~ .... ~- , ~~~~- .. - I Ito I= 1 ---t- - ,, ------- ~-~ - ,__-- 1= 1 
\ \ \ 2 I I I 
\ , -3- / I 
\ \ __ 1 I 
\ I 
\ I 
\ I 
\ I 
\ __LI 
43 
Figure 4.4. Energy level diagram for plasmon hybridization of nanoshell dimers, in the 
longitudinal polarization configuration. Numbered energy levels correspond to numbered 
peaks in Figure 4.3. (A) Weakly interacting dimer. (B) Strongly interacting dimer. 
Both the plasmon redshift associated with the dimers and the observance of higher 
order modes can be understood in terms of the plasmon hybridization model.36•37•91 
Schematic diagrams for the plasmon hybridization of nanoshell dimers for these two 
regimes are shown (Fig. 4.4). While nanoshells themselves are hybridized structures,36•38 
this diagram shows how the bonding dipole modes of each nanoshell hybridize into 
longitudinal dimer modes. The weakly interacting dimer case, where the two nanoshells 
44 
are separated by a relatively large distance, is shown in Figure 4.4A. The weak 
interaction between the two nanoshells results in only a small splitting of the nanoshell 
modes into bonding and antibonding levels, which essentially retain the same multipolar 
index, /, as the nanoshell modes from which they originate. In this regime, only the 
lowest order dipolar 1=1 dimer mode (mode 1) is excitable by light because only this 
mode has a strong dipole moment. However, as the interparticle distance is decreased 
and the interparticle coupling increases, the splitting into bonding and antibonding modes 
becomes much larger than for the weak interaction case (Fig. 4.4B). Also, due to the lack 
of spherical symmetry of the dimer geometry, the normal modes associated with each 
individual nanoshell are no longer normal modes in the reference frame of the other 
nanoshell. Thus the increased interaction between the two nanoshells results in the 
mixing (hybridization) of different multipolar order plasmons such that each dimer mode 
contains an admixture of different I nanoshell modes (illustrated by the dashed purple 
lines in Figure 4.4B). Despite the differences in energy between these modes, at small 
separation distances, they can interact significantly at small separation distances. 37•91 
This increased coupling has two consequences. First, the lowest order plasmon mode ( 4) 
redshifts much more strongly than a dipole-only interaction would allow because it is, in 
a sense, repelled by all of the modes with which it interacts. Also, higher order dimer 
modes can now be excited by light due to the mixing of higher order modes with the 
dipolar modes of each nanoshell. These higher order features correspond to peaks 2 and 
3 in the longitudinal spectrum of Figure 4.3C. 
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Figure 4.5. BEM calculations comparing the LSPR shift for nanoshell (longitudinal 
polarization) for three cases of dielectric surroundings: in vacuum (black), with a 
dielectric medium both in the interparticle junction and surrounding the outside of the 
nanoshells (red), and with the dielectric medium only inside the interparticle junction 
(green). Simulations use the nanoparticle sizes for the dimer in Figure 4.3C but with a 
slightly flatter gap sizeD of(A) 0.5 nm and (B) 1 nm. 
In nanoshell dimers, the dielectric screening introduced by the molecular linker in 
the junction between the nanoparticles is remarkably large. In our simulations we can 
examine the relative contribution of this molecular layer to the bare coupled-nanoparticle 
case (Fig. 4.5). Here the strongly interacting nanoshell dimer case is shown for two 
interparticle distances of 0.5 nm and 1.0 nm, respectively. For each case, the dimer 
plasmon spectra are modeled with and without the dielectric spacer layer. Here we can 
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see quite clearly that the dielectric layer results in a very large redshift compared to the 
bare dimer case, an effect that increases with decreasing interparticle distance. In our 
simulations we also examine the extent to which local changes in the dielectric function 
in just the junction region contribute to this additional dielectric redshift. This 
corresponds to "loading" the interparticle junction with molecules, as in surface-
enhanced spectroscopy applications. The calculation is performed by adding a finite 
dielectric volume confined to the junction and comparing this to the case of a complete 
dielectric coating for the dimer. For an accurate comparison of spectral shifts due to 
molecular screening, the geometry of the gap is kept exactly equal in the three cases, 
therefore shifts due to conformational differences can be completely discarded. Figure 
4.5 shows that by far most of the redshift (90%) is due to the dielectric screening 
mediated by the molecules within the interparticle junction, with the molecules exterior 
to this region barely contributing to the shift. This observation has extremely important 
implications for the design of junction-based SERS or SEIRA sensors. 8° For SERS, the 
plasmon linewidth must span the frequencies of the Raman excitation laser and the 
excitable Stokes modes of the molecules; for SEIRA the plasmon frequencies must 
correspond directly to the dipole-active vibrational modes of the adsorbate molecule. 
Such large plasmon shifts that occur in this geometry must be accounted for when 
designing a nanosensor substrate, or the presence of the analyte molecules themselves 
will "detune" the plasmon resonance from the source. This highly sensitive effect may 
also be exploitable in the design of SPR sensors based on plasmonic junctions for single 
or few-molecule detection. 
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4.4 N anoshell Peanuts 
The nanopeanut geometry allows us to experimentally investigate nanoshell 
dimers in the unusual "merged" regime, in comparison with the nontouching dimer 
regime. Two cases of nanopeanuts, differing in degree of overlap, were examined (Fig. 
4.6). For each case, the unpolarized spectrum contains two major peaks, which resolve 
into one redshifted longitudinal mode and a transverse mode located at shorter 
wavelengths. The two examples differ, however, in the size of the redshift of the 
longitudinal plasmon. When the overlap between the two nanoshells is small enough that 
a significant layer of gold separates the two cores from touching each other (Fig. 4.6A), 
the longitudinal plasmon remains strongly redshifted with respect to a monomer. Here, 
this mode was positioned at 820 nm, corresponding to a core separation of8 nm (D = -20 
nm) as fit using BEM calculations (Fig. 4.6B). We note that for this nanopeanut, the two 
constituent nanoshells do differ in size, but the degree of overlap plays a more significant 
role in determining the spectrum since the plasmon is highly localized in the junction 
region.92 In our second example (Fig 4.6C) the ESEM image indicated that little or no 
gold separated the two cores. The longitudinal mode at 740 nm is therefore blueshifted in 
comparison to the previous case. The calculations fit the data very well in both cases, 
reproducing the positions ofthe longitudinal mode as well as the transverse mode, which 
lends confidence to the accuracy ofthe obtained D values. Despite the fact that one can 
generally distinguish a core and a shell in the contrast of the ESEM images, the precise 
separation distance between the cores inside a peanut cannot be determined from the 
images. It is interesting to note that, in this case, fitting the plasmon spectra with 
simulations provides the best route to determine this information. These two cases are 
48 
consistent with our picture of the merged regrme, where the longitudinal plasmon 
blueshifts as the overlap of a nanopeanut increases, in agreement with previous 
theoretical92 and experimental86 findings for solid merged nanoparticles. 
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Figure 4.6. Normalized scattering spectroscopy of nanoshell peanuts. Black spectra 
correspond to unpolarized illumination; blue and red spectra correspond to polarization 
arrows of the same colors in the insets. Inset ESEM images show the specific peanuts for 
the presented data (scale bar = 100 nm). (A) Experimental data for a peanut with a 
relatively large separation distance between the two cores. (B) BEM simulations fitting 
data in A. This peanut was fitted where the leftmost shell is (rt, rz) = ( 44, 58) nm and the 
rightmost shell is (rt, rz) = (51 , 65) nm and D = -20 nm corresponding to a core 
separation of 8 nm. (C) Experimental data for a peanut where the cores are almost 
touching. (D) BEM simulations fitting data in C. This peanut was fitted where both 
shells are (rt, r2) = ( 42 , 58) nm. D = -30 nm corresponding to a core separation of only 2 
nm. Simulations are normalized to the physical cross section of a nanoshell. 
49 
In Fig. 4.7, we show the evolution ofthe longitudinal plasmon frequencies of two 
nanoshells as their separation D is reduced from positive to negative (overlapping) 
values. For nontouching dimers, the dipole peak redshifts and higher order modes begin 
to appear for the short separations. When the two shells cross over into the merged 
regime (negative D), the longitudinal mode starts to blueshift. The trends of both the 
nanoshell dimer and the peanut are consistent with the previous studies concerning solid 
metal nanoparticles. 86•92 
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Figure 4.7. Boundary element method simulations for nanoshell dimers (A) and 
nanoshell peanuts (B). The constituent nanoshells have (r1, r2) = ( 40 , 55) nm. The 
distances D between the constituent nanoshells are listed for each spectrum. For dimers, 
D represents the separation distance between the two nanoshell surfaces. For peanuts, D 
represents the amount of overlap of the metal shells, and is therefore negative. Extinction 
cross sections are normalized to the physical cross section of a single nanoshell. 
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4.5 Conclusion 
In conclusion, using polarization-dependent single nanostructure spectroscopy we 
have investigated the plasmon resonances oftwo nearby nanoshells as their separation is 
reduced from the nontouching to the touching regimes. The position and shape of the 
scattering spectra are found to be dramatically different in these regimes. In the 
nontouching regime, dimer plasmons are formed through hybridization ofthe individual 
multipolar nanoshell plasmons with each nanoparticle remaining neutral. For large 
separations, the spectra exhibit a single polarization-dependent resonance that can be 
identified as a bonding dimer resonance formed from the hybridization of the dipolar 
resonances of each nanoshell. For two nontouching nanoshells placed at close proximity 
to each other, the spectra exhibit several higher multipolar dimer resonances that become 
dipole-active through the mixing with the dipolar plasmon resonances of the individual 
nanoshells. In this regime, the dimer plasmons exhibit a remarkable sensitivity to the 
presence of dielectric media in the junction. When the nanoshells are touching, the 
spectra exhibit a single plasmon resonance which involves electrons flowing between the 
two particles. This charge transfer plasmon is found to blue shift as the nanoshells move 
closer together. The large variations in optical response due to slight conformational and 
environmental changes revealed in this study will transform this canonical structure into a 
very versatile system for plasmonic sensing and spectroscopy. 
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Chapter 5: Fano Resonances in Coupled Plasmonic Nanoclusters: 
Geometrical and Chemical Tunability 
5.1 Introduction 
The coupling between metallic nanoparticles in aggregates supports collective 
electronic oscillations, known as surface plasmons, of the entire structure: this is a topic 
of intense current interest.23 Each type of nanoparticle cluster, such as a nanoparticle 
dimer 104-106 trimer 107-109 quadrumer 110•111 tetramer 112 etc 113-117 exhibits its own unique 
' ' ' ' ., 
set of collective plasmon modes arising from the interaction between the plasmons 
supported by each nanoparticle in the cluster. These collective plasmon modes can be 
excited at distinct energies that depend on the relative phase of the plasmon oscillations 
in the individual nanoparticles of the complex. Since surface plasmons are well described 
as classical oscillators with resonances at optical frequencies, interacting nanoparticles 
are in essence systems of coupled oscillators, supporting a rich array of phenomena, such 
as electromagnetically induced transparency (EIT) and Fano Resonances (FRs). 118-125 
Geometries ranging from mismatched nanoparticle pairs, 105 "dolmen" structures,48 
coupled ring-disk systems,25.26.28 heptamers,22.23•51•126 and layered nanoparticles,49 have all 
been shown to support EIT and FRs. Because the coherent coupled oscillator response is 
essentially an interference phenomenon dependent upon the relative phase of the 
constituent oscillators, it is highly sensitive to perturbations such as symmetry breaking, 
local variations in geometry, and dielectric environment. 22.25.27 This inherent sensitivity 
has spurred interest in these systems of coupled structures, which promise to provide a 
higher sensitivity optical response than simple plasmonic systems. 
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Here we examine how the coherent properties of a nanoscale plasmonic cluster 
are affected by cluster size, geometry, and local dielectric environment. Our study 
focuses primarily on the seven-member, "heptamer", cluster. We examine the important 
case of how local changes in dielectric environment modify the frequency of the FR of 
the cluster. Heptamers have been predicted to have extremely large spectral shifts of their 
FR induced by changes in the surrounding refractive index.Z2 Here, we show that, as 
predicted, the FR in heptamers exhibits an unusually large shift with changes in refractive 
index; in fact, this structure exhibits the largest localized surface plasmon resonance 
(LSPR) response of any known nanostructure, assessed in terms of the figure of merit 
(FoM) ofthe cluster aggregate. 13•46 
5.2 Methods 
The plasmonic structures investigated here were fabricated by electron beam 
lithography and are composed of 30 nm thick Au disks on a 1 nm Ti adhesion layer, 
evaporated onto a Si substrate coated with a 100 nm thick silicon dioxide layer. The 
dielectric permittivity of the substrate is therefore similar to a typical glass substrate since 
the oxide layer is thick enough that the plasmonic near-field does not interact with the 
underlying Si. In Figure 5.1 we show the scattering spectra of three heptamers of 
increasing size. As can be seen from the SEM images of the clusters in the top panels, the 
dimensions ofthe particle radii are increased while the gap sizes are kept constant at -15 
nm (Fig. 5.l(A-C)(i)). The scattering spectrum of each cluster was collected using dark 
field microspectroscopy (Fig. 5.1(A-C)(ii)). (The microscope used was a Zeiss Axiovert 
200 MAT, the CCD was a Princeton Instruments Pixis 400 BR, and the spectrograph was 
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an Acton 2156i imaging spectrograph.) The specific microscope objective used was 
critical to our ability to observe the FR. For all of the data reported here, the objective 
characteristics were: angle of incidence = ~50 degrees from the surface normal, 
numerical aperture (NA) = 0.4. The FRs were not as pronounced when using objectives 
with a higher incidence angle or numerical aperture. Because these structures are not in 
the quasistatic limit, retardation effects are present when light is incident from large 
angles, with respect to the substrate normal. In this case, the retardation effects allow 
direct excitation of the subradiant mode, effectively limiting the interference effect that 
causes the Fano resonance. This Fano interference effect is described below in detail. 
Theoretical scattering spectra for these structures were obtained using the Finite-
Difference Time-Domain (FDTD) method (Fig. 5.1(A-C)(iii)). The dielectric function 
used to model Au was obtained from the experimental data of Johnson and Christy 
(JC). 101 The clusters were simulated on an infinite dielectric substrate with € = 2.04 in 
order to represent the experimental supporting substrate, and illuminated with oblique 
incident light. The back scattered light in the simulation was recorded over a conical solid 
angle corresponding to the numerical aperture of the objective lens used in the 
experiment. 
The optical properties of symmetric plasmonic heptamers composed of spherical 
and cylindrical nanoparticles have been analyzed and described in several recent 
publications.22,23•51•126 The symmetry group of the heptamer is D6h· Using the plasmon 
hybridization concept, the plasmon modes can be classified according to their irreducible 
representations. The collective modes that can couple efficiently to light are the Etu 
modes. The two relevant modes for Fano interference are (1) a bonding bright 
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(superradiant) mode where the dipolar plasmons of all nanoparticles oscillate in phase 
and in the same direction, and (2) an antibonding dark (subradiant) mode, where the 
dipolar moment of the center particle opposes the dipole moment of the surrounding ring. 
In the quasistatic, nonretarded limit, the dark mode possesses nearly no net dipole 
moment and does not easily couple to light. In the retarded limit, the bright mode 
becomes superradiant, while the dark mode remains subradiant. Also in this limit, the 
weak coupling mediated by the plasmonic near field introduces an interaction between 
the sub- and super-radiant modes, inducing a FR in the superradiant continuum at the 
energy of the subradiant mode. Due to its D6h symmetry, the optical properties of the 
cluster, including its FR, are isotropic, i.e., independent of the orientation of the in-plane 
polarization of light incident on the structure. 
5.3 Fano Resonances in Plasmonic Heptamers 
Figure 5.1 shows the evolution of the scattering spectrum of a heptamer as the 
cluster is scaled up from the near-quasistatic to the fully retarded limit. The Fano 
minimum is strongly dispersive towards lower energies with increasing cluster size, and 
the Fano lineshape becomes broadened. The smallest heptamer (A) exhibits a relatively 
narrow plasmon resonance near 700 nm, which is the bright superradiant bonding E1u 
mode. Since the overall structure size is smal~ this mode does not radiate strongly and is 
quite narrow. Only a very weak FR appears in the theoretical spectrum, and appears only 
as a weak modulation (at nominally 690 nm) in the experimental spectrum of the cluster. 
For the intermediate size heptamer in (B), the bright mode is redshifted to approximately 
750 nm and significantly broadened due to the increased radiation damping. The FRat 
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750 run is now very pronounced. For the largest heptamer (C), the superradiant mode 
shifts to nominally 900 run and is dramatically broadened. A strong FR is induced at 900 
run. For a heptamer this large, the subradiant mode radiates slightly, resulting in a slight 
broadening of the linewidth of the FR. Interestingly, the subradiant mode appears to 
redshift slightly more strongly than the superradiant mode with increasing size of the 
heptamers. This effect likely occurs because the subradiant mode consists of an 
admixture of higher order modes, while the superradiant is mostly dipolar in nature. Due 
to this stronger hybridization of higher order modes, the subradiant mode red shifts more 
strongly than the superradiant mode for increasing size ofheptamers. 
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Figure 5.1. Size dependence of the scattering spectrum of a heptamer: (A) 85 nm 
diameter constituent particles; (B) 128 run diameter particles; (C) 170 run diameter 
particles. In all cases, the gap sizes between the particles in the heptamers were 
nominally ~ 15 run.(i) SEM images obtained using an FEI Quanta 400 SEM. (ii) 
Experimentally obtained dark-field scattering spectra, obtained with unpolarized light, of 
each individual cluster shown in (i); (iii) FDTD calculations of the dark-field spectral 
response of the same structure. 
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In Figure 5.2, an example of the effect of symmetry breaking on the optical 
spectrum of the heptamer is shown. One of the peripheral particles of a heptamer is 
removed, resulting in an incomplete ring of nanostructures surrounding the center 
particle. The optical response of this reduced symmetry structure is no longer isotropic. 
To study the polarization dependence of the spectral response of this cluster, a rotating 
analyzer (Zeiss) is inserted in the collection optics of the microscope. Thus, the 
nanoparticle is still excited using unpolarized light, but the scattered light is polarized just 
before collection. In Figures 5.2B and C, we show the measured and calculated scattering 
spectra for different polarization collection angles. As for the case of the isotropic, 
complete heptamer, the spectrum is characterized by a broad superradiant mode centered 
around 700 nm. However, with reduced symmetry, the Fano interference displays a more 
complex behavior. For horizontal polarization (blue), a clear FR appears at 700 nm, and 
for vertical polarization (red), it appears at 740 nm. For other polarizations, the scattering 
spectra exhibit a mixture of these two resonances. 
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Figure 5.2. Asymmetric Heptamers: (A) SEM image of heptamer. The disk diameters 
are 128 run with "'15 run gaps. (B) Experimental dark field scattering spectra of the 
asymmetric heptamer, obtained with unpolarized incident and polarization-analyzed 
scattered light. Colored arrows show the polarization angle with respect to the particle, 
as in the SEM image. Polarized spectra were collected at 30-degree angular increments. 
Black curve is unpolarized data. (C) FDTD simulations corresponding to the 
experimental spectra in (B). (D) Charge plots calculated using FEM for the subradiant 
(left) and superradiant (right) modes, for the two fundamental polarizations of the 
structure depicted by the arrows. 
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A calculation of the induced charge densities of this reduced-symmetry cluster 
reveals the microscopic origin of the unusual split-FR observable in this structure (Fig. 
5.2D). These calculations were performed using a commercial (COMSOL) 
implementation of the Finite Element Method (FEM). For both polarizations, the 
subradiant charge plots were calculated at the wavelength of the Fano minimum (Fig. 
5.2D, left) and the superradiant charge plots were obtained for the maximum at the long-
wavelength side of the Fano dip (Fig. 5.2D, right). The superradiant charge plots clearly 
show that the dipolar components of all constituent particles are oriented in the same 
direction, resulting in the enhanced radiative damping and resultant broadening 
characteristic of superradiant modes. For the subradiant modes, however, the charge plots 
are distinctly different. For horizontal polarization, the subradiant mode has a strong 
admixture of nanoparticle quadrupoles. Because the nanocluster does not have a 
symmetry axis along the polarization vector, higher order modes are allowed so that the 
subradiant mode is mostly quadrupolar in nature. For vertical polarization, the subradiant 
mode is a dipolar mode, with the in-phase dipolar contribution ofthe two center particles 
opposing the dipole moment of the surrounding four particles, similar to the case for the 
fully symmetric heptamer. 
5.4 Fano Resonances in Plasmonic Octamers 
Fano resonances can be realized in other symmetric clusters consisting of a center 
particle surrounded by a ring of particles. The reason for the very pronounced FR in the 
heptamer (Fig. 5.1) is the almost perfect cancellation of the total dipole moment of the 
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ring of particles and the (out-of-phase) center particle in the subradiant mode. For a larger 
ring, such as the homooctamer shown in Figure 5.3(A)(i), the dipole moment ofthe ring 
will become larger than that of the center particle. For such a structure, the antibonding 
mode will have a fmite dipole moment and couple efficiently to incident light. The 
conditions for a FR are thus not satisfied. Neither the experimental nor the calculated 
spectra in Figure 5.3A show a pronounced FR. However, by making the diameter of the 
center particle larger, its dipole moment increases. For a sufficiently large center particle, 
its dipole moment can become equal to that of the surrounding ring. For such a 
heterooctamer consisting of particles of different sizes, the antibonding mode becomes 
subradiant, and a strong FR with a very deep minimum, approaching transparency, Is 
induced around 800 nm as shown in Figure 5.3B. 
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Figure 5.3. Scattering spectra of a octamers. (A) Homo-octamer: SEM image (i), dark-
field scattering spectrum (ii) and FDTD simulation (iii). All particles have the same 
diameter = 128 nm. This results in a gap of~ 15 nm between the outer particles and a gap 
of,....., 40 nm between the inner particle and outer ring. (B) Hetero-octamer SEM image (i), 
dark-field scattering spectrum (ii), and FDTD simulation (iii). Here, the inner particle 
was enlarged such that all gaps were the same size ( ~ 15 nm). This resulted in an inner 
particle diameter= 175 nm and the outer particle diameter = 128 nm. All fabrication and 
data collection procedures are the same here as for Figure 5.1. All data was obtained 
with unpolarized light. 
5.5 LSPR sensing with the Fano Resonance 
Much of the current interest in FR in plasmonic system stems from their potential 
as efficient LSPR sensors.27•46' 127-129 The complex interference phenomena underlying the 
formation of FRs in coupled plasmonic systems are highly sensitive to the dielectric 
environment in the junctions of the overall structure. In addition, FRs are typically very 
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narrow, which allows for a more precise measurement of small peak shifts induced by 
changes in the dielectric properties of the nanostructure environment. The LSPR 
efficiency of a plasmonic nanoparticle is typically evaluated by its figure ofMerit (FoM), 
defined as the ratio of the plasmon energy shift per refractive index unit change in the 
surrounding medium, divided by the width of the spectral peak.46 For asymmetric FRs, 
we define the energy of the resonance as the midpoint between the energy of first 
maximum and the energy of the minimum. The width is defined as the energy difference 
between those spectral features. This definition for the spectral width used to calculate 
the FoM has been suggested before25 and is required because the asymmetric lineshape 
associated with Fano resonances leads to an ill-defined full width at half maximum 
(FWHM), as is usually used in the case of ordinary, or peak-like, plasmon resonances.46 
Theoretical predictions for FoM for individual plasmonic nanostructures range from 7 for 
coupled dipole-quadrupole antennas,27 8 for nonconcentric planar ring-disk cavities,25 to 
11 for a symmetric silver sphere heptamer.22 The recent experimental demonstration of a 
FoM of3.8 for a coupled dipole-quadrupole antennas27 show the tremendous potential for 
FR-based LSPR sensing. 
-:i 
cU 
-Q 
r:: 
't: 
! 
CG (.) 
rn 
cU 
-Q 
r:: 
'i: 
CD 
= CG (.) 
rn 
400 500 600 700 800 900 1000 
Wavelength (nm) 
0.3 
s;o.2 
CD 
-~0.1 
1.0 1.1 1.2 1.3 1.4 1.5 
Index of Refraction 
62 
Figure 5.4. LSPR sensing in heptamers. (A) LSPR sensing for heptamer of same 
dimensions as reported in Figure 5.1. Four polarized scattering spectra are shown for 
different media (air, black), (methanol, green), (butanol, blue), (immersion oil, orange). 
The values for the refractive indices of each medium are shown in the figure. (B) FDTD 
simulations corresponding to the experiment. (C) Linear plot of the LSPR shifts of the FR 
vs. refractive index of the embedding medium. 
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To investigate the LSPR sensitivity of the planar heptamer, we performed dark-field 
scattering spectroscopy on individual heptamers embedded in various dielectric media: methanol 
(n = 1.326)130, butanol (n = 1.397)130, index matching oil (n = 1.506, Cargille Labs internal 
documentation). For each medium, the entire substrate was first rinsed in that medium, and then 
fully immersed in the medium in a glass-bottom petri dish (Ted Pella). The scattering spectra 
were obtained from the immersed samples. Figure 5.4 shows a very pronounced redshift of the 
FR with increasing refractive index of the surrounding medium. In air ambient, the FR appears at 
750 nm, and in immersion oil with a refractive index n=l.5, the FR is shifted to 900 nm. To 
quantify the LSPR sensitivity, we obtain the slope of the best-fit line (linear regression with a 
slope= 0.53) for the energy of the FR as a function of surrounding dielectric permittivity, and 
divide by the Farro linewidth (0.093 eV). The resulting FoM is 5.7, which to our knowledge is the 
highest LSPR FoM reported so far for an individual finite nanostructure. The FoM calculated 
from the theoretical simulations (Fig. 5.4(B)) is slightly smaller (5.1). From this we can infer that 
the nanostructures were likely completely coated by each solvent medium. If this was not the 
case, the theoretical FoM would be larger than that obtained experimentally. 
While this current result indicates great promise for significantly increasing LSPR 
sensitivities by focusing on FRs, the full potential for FR-based LSPR sensing is clearly 
not yet realized. In none of the structures studied in these initial experiments has the 
LSPR FoM been optimized. By using larger structures or structures with narrower gaps, 
it is highly likely that an even larger FoM can be achieved. Structures fabricated in silver 
instead of gold, should also yield even larger FoM than those reported here, since the 
lattice polarizability and electromagnetic screening of silver is significantly smaller than 
for gold. An advantage with lithographically fabricated clusters such as the present 
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structure is that the energies of the FRs can be tuned very accurately by varying the ratio 
of the disk thickness to cluster diameter. 
5.6 Conclusion 
In conclusion, we have shown that lithographically fabricated nanoscale 
plasmonic clusters exhibit pronounced FRs, which depend strongly on both the geometry 
and the dielectric environment of the complex. By changing the size of a heptamer, it is 
possible to tune the FR to different wavelengths. By symmetry breaking, one can further 
tune the wavelength of the FR and induce new resonances. A very deep FR, approaching 
transparency, can be induced in an octamer cluster consisting of a center particle 
surrounded by a ring of seven particles, if the size of the center particle is sufficiently 
large. We have also shown experimentally that FRs of heptamer clusters possess 
exceptional LSPR sensitivities. For a heptamer consisting of seven particles of the same 
size, we measure a FoM of 5. 7. This unparalleled LSPR sensitivity, found in a cluster 
fabricated by readily available nanofabrication methods, is likely to stimulate increased 
interest and applications in sensing and detection based on coherent plasmonic 
phenomena. 
Chapter 6: Designing and Deconstructing the Fano 
Lineshape in Coupled Plasmonic Nanoclusters 
6.1 Introduction 
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Metallic nanostructures can support coherent oscillations of their free electrons, 
known as surface plasmons, at specific resonant frequencies.3•131 This is a topic of 
intense current interest for a range of potential applications, including ultrasensitive 
chemical and biological sensors,9•10•132 nonlinear optics,93•133•134 and solar energy 
harvesting. 17•135 The route to achieving new and enhanced optical properties based on 
surface plasmons lies in the coupling of two or more simple plasmonic structures to 
create unique hybridized plasmon modes. This strategy has been shown to give rise to a 
wide range of coherent phenomena based on coupled-oscillator physics, such as 
electromagnetically induced transparency (EIT) and Fano resonances (FRs)/4 universal 
phenomena observed in systems as diverse as atomic physics, coupled mechanical 
oscillators and resonant electrical circuits. Coupled plasmonic nanostructures such as 
ring-disk cavities/8 "dolmen" structures, 136 multilayer nanoshells,49 stacked optical 
metamaterials, 137•138 and planar clusters of nanoparticles50•51 •139-145 have all been shown to 
support FRs. This behavior arises because these systems support both subradiant and 
superradiant modes: a subradiant mode has a small or negligible dipole moment 
preventing it from direct excitation by light, and a superradiant mode with a large dipole 
moment that is efficiently excited by light. A FR occurs when the subradiant and 
superradiant modes interact weakly and overlap in energy: this allows the superradiant 
and subradiant modes to couple and transfer energy to each other, giving rise to the 
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characteristic Fano lineshape. 146-148 The overall lineshape of these systems, a broadband 
extinction profile with a narrower spectral window of increased transparency, is a unique 
characteristic that is quite attractive for applications. For example, plasmonic FRs have 
been shown to be extremely sensitive to their local dielectric environment, leading to 
localized surface plasmon resonance (LSPR) sensors with improved sensitivities.27,28•149 
A hexagonally-arranged planar cluster of seven nanoparticles, or heptamer, has been 
shown to have one ofthe highest LSPR figures of merit for a nanostructure to date. 149 
Here we examine the plasmonic properties of planar nanoclusters, focusing on 
arrangements of coupled nanodisks consisting of a central particle surrounded by a ring 
of peripheral particles. We observe that the depth and width ofthe FR can be controlled 
by varying the relative size of the inner particle with respect to the surrounding particles. 
We also observe that the FR is characteristic of optical excitation of this structure. 
Excitation by a localized electron beam on various components ofthe structure does not 
result in a Fano resonance in the cathodoluminescence spectrum, but instead results in the 
selective excitation of the center disk mode or the peripheral ring mode of the complex. 
This contrasting behavior can be understood through the coupling between the 
superradiant and subradiant modes ofthe cluster, where the contrasting selection rules of 
optical and e-beam excitation give rise to different superpositions of radiant modes in the 
corresponding spectra. In this system, cathodoluminescence allows us to "deconstruct" 
the Fano resonance into distinct superpositions of superrradiant and subradiant modes not 
observable by optical means. This analysis gives new insight into the interplay between 
the subradiant and superradiant modes in coherent plasmonic systems. 
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6.2 Optical Spectroscopy ofNanoclusters 
The plasmonic nanoclusters studied here were made by planar fabrication. 
Clusters of nanodisks were patterned by electron beam lithography and deposited by 
evaporation of 30 nm of Au with a 2 nm Ti adhesion layer. The substrate was a silicon 
wafer coated with a 100 nm thick oxide layer to insure that the plasmons did not interact 
with the conductive silicon surface. In Figure 6.1B, SEM images are shown of the 
specific structures, progressing from (bottom to top) heptamer to octamer, nonamer, 
decamer, and undecamer. The disks in the outer ring of each structure are nominally 85 
nm in diameter, and the gaps between all particles are approximately 15 nm. As each new 
particle was added to the outer ring, the central disk was made larger in order to maintain 
. this gap size and preserve coupling between the particles. Thus the inner particle 
diameters were 85, 115, 146, 177, and 209 nm for the heptamer, octamer, nonamer, 
decamer, and undecamer, respectively. 
Individual scattering spectra for these structures (Fig. 6.1A) were obtained by 
dark field spectroscopy, using a homebuilt microscope. Unpolarized white light 
illumination was focused onto the sample from an angle of ~45 degrees with respect to 
the substrate normal. This angle was chosen to be just large enough so that no specularly 
reflected illumination was collected by the objective lens (Mitutoyo, Plan Apo NIR, NA 
= 0.4). The collected light was polarized by a linear polarizer and focused onto the 
entrance slit of a spectrograph/CCD (Acton SP2150i!Princeton Instruments PIXIS 400BR 
excelon) via a tube lens (Mitutoyo, MT-L). Each spectrum was also simulated (Fig. 6.1D) 
using Finite Difference Time Domain analysis (FDTD, Lumerical). For these 
simulations, care was taken to match the experimental conditions as closely as possible. 
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The structures were modeled as 30 nm tall cylindrical Au disks with an experimental 
dielectric function101 on a 2 nm thick Ti layer. To include substrate effects/5' 150 the 
structures were placed on top of an infmite silica slab (E = 2.04). The dark field geometry 
was taken into account by injecting the excitation and collecting the scattered light at the 
appropriate angles to match the experimental conditions. 
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Figure 6.1. Scattering spectra of plasmonic nanoclusters. (A) Experimental dark field 
spectra of individual structures. (B) SEM images of the structures associated with each 
spectrum in panel A. Scale bar is 100 nm. (C) Pan-chromatic cathodoluminescence 
images for the same structures. Arrow indicates polarization of the collected light. (D) 
Finite difference time domain (FDTD) simulations of the scattering spectra for each 
geometry. 
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The experimental and simulated scattering spectra for these structures match each 
other extremely well. Both show a progression where the Fano resonance dip becomes 
deeper and broader with increasing size of the central disk structure, from heptamer to 
undecamer. For the heptamer, the Fano resonance occurs as a narrow, shallow dip at 
-650 nm. The dip redshifts slightly and becomes broader and much deeper for the 
octamer. For the nonamer, the dip has become broader still, but its depth now extends to 
the baseline, making the nonamer essentially transparent at this wavelength. The 
decamer and undecamer spectra remain fully transparent at the Fano resonance, but 
continue to broaden even further. This effect illustrates the possibility of precisely 
engineering of the lineshape of a plasmonic Fano resonance spectrum, a remarkable 
prospect for applications requiring precisely controlled and tunable transparency 
windows. Just as tunable nanoparticles provided a general platform for plasmonic 
applications across the full optical and infrared spectrum, plasmonic Fano resonances 
with engineered depths and widths can provide a general framework for applications 
using Fano resonances. 
6.3 Cathodoluminescence Measurements ofNanoclusters 
To better understand the origin ofthe Fano resonance in this family of structures, 
we studied their response using cathodoluminescence (CL) imaging and 
spectroscopy.63•151 •152 In cathodoluminescence, the plasmon modes of a structure are 
excited using a focused, high-energy electron beam (30 keV in this experiment) 
impinging upon a localized region of choice on the nanoscale complex. The plasmons 
excited in this manner then radiatively decay and emit light, which is collected by a 
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parabolic mirror and directed into a spectrograph/detector system (Gatan, MonoCL4 
Elite) for imaging and spectroscopy. This allows us to construct excitability maps and 
spectra which are proportional to the radiative local density of states (LDOS) of the 
structure. 62 
The polarized, panchromatic CL images of each structure are shown in Figure 
6.1 C. These images were constructed by changing the optical path of the CL system to 
bypass the spectrograph, instead routing the radiated light directly to the PMT detector 
through a linear polarizer. These images allow one to directly access the local density of 
states of the plasmon modes. In the case of the heptamer, the LDOS on the center 
particle is similar in strength to the outer particles, but as the center particle size is 
increased and extra particles are added to the outer ring, the intensity of the central disk 
becomes markedly stronger. This increase in radiative contribution from the central 
particle coincides with a deepening of the Fano dip, suggesting the importance of the 
central particle to the spectral lineshape. As the center particle is made larger, the 
strength of its induced dipole moment is increased, more closely matching the collective 
dipole moment strength ofthe outer ring of particles. This leads to complete destructive 
interference between the central disk and the outer ring of particles at the Fano resonance 
wavelength, and therefore complete transparency. 
D 
'--=' 
:::J 
ns 
-
..J 
0 
"'0 
-~ (ij 
E 
... 
0 
z 
71 
500 600 700 800 900 1 000 
Wavelength (nm) 
Figure 6.2. Polarized, wavelength-selected cathodoluminescence images of a nonamer at 
(A) 660 nm, (B) 700 nm, and (C) 770 nm. Arrow indicates analyzer angle. (D) 
Cathodoluminescence spectra where the electron beam is exciting the center particle (red) 
and a particle in the outer ring (blue). The inset shows an SEM image of a nonamer with 
blue and red squares to indicate the location of the beam for the blue and red spectra, 
respectively. 
The panchromatic images shown in Figure 6.1 C provide an intuitive visualization 
of the plasmon resonances at play in these structures. However, they do not provide 
wavelength-specific information that would permit us to identify the specific plasmon 
modes giving rise to the radiative response. To obtain this information, we performed 
wavelength selected CL :itnaging on the planar nonamer cluster (Fig. 6.2). In panels A, 
B, and C, we show polarized CL images obtained at the selected wavelengths of 660, 
700, and 770 nm respectively. Here it is evident that as we move across the Fano 
resonance from shorter to longer wavelengths, the contribution of the particles in the 
outer ring diminishes while the contribution from the central particle increases 
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dramatically. Furthermore, cathodoluminescence spectroscopy reveals that, under 
electron beam excitation, there are actually two independent resonances associated with 
either the center particle or the outer ring (Fig. 6.2D). When the electron beam scans a 
small region on the side of the central particle (red region denoted in inset image), a 
lower energy "center particle resonance" is obtained in the spectrum (red), but if the 
structure is excited by electron beam scanning a small region of a peripheral particle 
(blue region in inset image), the CL spectrum obtained (blue) shows a higher energy 
"ring resonance." Most notably, no Fano resonance is observed in the CL response in 
either case. 153 
6.4 Analysis ofNonamer Modes 
By directly comparing the dark field scattering spectrum of the nonamer, obtained 
with optical excitation, with the two CL spectra, obtained with localized electron beam 
excitation, we see that the crossover between the two resonances observed in CL is 
located at the same spectral position as the Fano resonance dip in the dark field case (Fig. 
6.3). To understand this behavior, we invoke a coupled oscillator, mass-and-spring 
model used to describe Fano resonances (Alzar model) (Fig. 6.3B).53 
A Fano resonance can be understood using the analogy of two masses, each connected to 
rigid walls by spring constants k1 and k2 and connected together by spring constant K. 
Here the masses represent the superradiant (m1) and subradiant (m2) modes while the 
spring constant K represents the coupling between them. By applying a sinusoidal force 
to m1 only and plotting the power dissipated by m1, a typical Fano resonance lineshape 
emerges. Here, the dip represents an energy where m2 is "stealing" the oscillation 
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amplitude from m1. This is directly analogous to the Fano resonances observed in 
plasmonic systems where plane-wave illumination can only excite superradiant modes, 
but, due to near-field coupling, energy is transferred to the subradiant mode from the 
superradiant mode at the Fano resonance frequency. During this transfer, the oscillation 
undergoes a 7r phase shift, resulting in destructive interference of the superradiant mode, 
resulting in a Fano resonance, in the spectrum. Thus by choosing the correct parameters 
for the spring constants and damping rates, the dark field nonamer spectrum (Fig. 6.3A, 
green) can be reproduced with remarkable agreement by the Alzar model (Fig. 6.3C, 
green). 
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Figure 6.3. (A) Experimental spectra of the plasmonic nonamer plotted in energy units: 
plane wave excitation (green), excitation by electron beam impinging on an outer particle 
(blue), and the center particle (red). (B) Schematic representing the coupled oscillator 
model used to generate the spectra in (C). The arrows (colors corresponding to spectra in 
panel C) indicate how the forces are being applied in each case. (C) Theoretical spectra 
using the coupled oscillator model. (D) Schematics for the construction of the nonamer 
modes present in the case of optical excitation ( i) and electron excitation 
(cathodoluminescence) of the center particle ( ii) and the particles in the outer ring (iii). 
Here the arrows in (i) represent energy transfer between modes while addition and 
subtraction in (ii) and (iii) represents direct excitation of linear combinations of modes. 
This simple picture can also be used to explain why the cathodoluminescence 
spectra (Fig. 6.3A, blue and red) do not display a Fano resonance. In contrast to plane 
wave optical excitation which excites the collective modes of the interacting 
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nanostructure, the localized electron beam will couple predominantly to the localized 
plasmons in the individual nanoparticle closest to where it impinges. Since the collective 
modes of the nanocluster can be described as superpositions of plasmon modes of the 
individual nanoparticles, an electron beam can excite both the superradiant and 
subradiant modes. 63 This situation is equivalent to simultaneously applying an oscillating 
force to both masses in our simple mass and spring model. However, an equal 
magnitude, sinusoidal force can be applied to both masses in two ways: as an in-phase 
excitation (red) or an out-of-phase excitation (blue). Using these two excitation 
conditions, we are able to reproduce the experimental CL spectra with exceptional 
agreement (Fig. 6.3C). Note that the slight redshifts of the experimental CL data, with 
respect to the coupled oscillator mode~ is caused by deposition of carbonaceous 
contamination during the CL experiment due to the high electron beam current. Here, all 
of the parameters for the masses and springs were kept equivalent to the one-force case 
(green), and only the excitation conditions were changed. Since in this model the two 
masses represent the subradiant and superradiant modes of the plasmonic system, 
applying forces to both masses is analogous to exciting a linear combination of these two 
modes in the nonamer. We can visualize these three different excitation conditions in the 
nonamer structure directly. For optical excitation (Fig. 6.3Di), only one mode is excited, 
but, characteristic of Fano-resonant systems, there is energy coupling between the 
superradiant mode excited and the subradiant mode of the structure, with energy transfer 
back to the superradiant mode occurring with a D phase shift. For CL excitation, when 
the electron beam impinges on the center particle, the resulting instantaneous dipolar 
polarization ofthe disk is equivalent to a symmetric superposition of the sub- and super-
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radiant modes and thus equivalent to in-phase driving of the two collective modes (Fig. 
6.3Dii). When the electrons impinge on the ring, the resulting instantaneous polarization 
of the ring is equivalent to an out-of-phase superposition of the two collective modes 
(Fig. 6.3Diii). It is important to note that both the ''ring mode" and the "center particle 
mode" are coupled modes of the nonamer and not uncoupled modes of the constituent 
particles. We have performed simulations showing that both of these modes observed in 
our CL spectra occur at different energies than the plasmon modes of uncoupled disks, 
identical to either the center or ring particles. This picture can now be applied to the CL 
images and spectra shown in Figure 6.2. At longer wavelengths, only the central particle 
is visible in the CL image because the red spectrum corresponds to the in-phase 
superposition, while at shorter wavelengths, the particles in the outer ring appear 
dominant because the blue curve represents the out-of-phase superposition. Note that the 
central disk is still visible in Figure 6.2A because the center particle mode is broad and 
overlaps with the ring mode at these wavelengths. 
6.5 Conclusion 
In conclusion, we have examined the plasmonic properties of planar nanoclusters. 
We have showed that optical excitation of this family of structures results in a Fano 
resonance with a spectral lineshape that can be precisely controlled, in a sense, 
"designed", by changes in geometry. By also studying the resonant properties of this 
structure under localized electron-beam excitation using CL imaging and spectroscopy, 
we have "deconstructed" the Fano resonance observed under optical excitation of this 
system. We found that under electron excitation, no Fano resonance is present, but rather 
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two independent modes appear, one associated with the central particle only and one 
associated with the outer ring of particles. The overall resonant behavior of this system 
can be explained using a coupled oscillator model, where optical and electron-beam 
excitation correspond to distinct excitation conditions in the coupled oscillator picture. 
This simple and intuitive approach may be useful in understanding, and ultimately 
predicting, both the optical and CL responses of additional plasmonic complexes. 
Chapter 7: 
7.1 Introduction 
78 
Reshaping the Plasmonic Properties of an 
Individual Nanoparticle 
Noble metal-based nanoparticles, whose vivid colors depend upon their plasmon 
resonances, are widely recognized for their shape-dependent optical properties. 7 The 
plasmonic properties of complex nanostructures arise from the hybridization of their 
primitive plasmon modes/6 a paradigm that enables the predictive design of plasmonic 
nanoparticle "artificial molecules" with specific optical characteristics. 154 As 
nanoparticle synthesis and fabrication methods yield nanostructures of greater 
complexity, these more advanced nanoscale geometries have much to offer emerging new 
fields, such as optical frequency metamaterials15•16•155-161 or ultrasensitive LSPR 
sensing.26•162 Many of the unique electromagnetic properties of complex metallic 
nanostructures originate with their reduced symmetry. For example, split ring 
resonators14•16•156 have been shown to be important metamaterial constituents due to their 
ability to support magnetic resonances at microwave frequencies, giving rise to materials 
with negative permeabilities in discrete spectral regions. While these components are 
being transitioned to the higher frequency optical regime, 163 new, reduced-symmetry 
nanoscale architectures that manipulate light in novel new ways are also becoming 
apparent. 29,30,106 
The family of core-shell metallic nanoparticles provides several paths towards 
reduced-symmetry nanostructures with tailorable optical properties at visible and near 
infrared frequencies. Nanoshells (spherical nanoparticles consisting of a dielectric core 
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and a thin metallic shell layer) support surface plasmon resonances that may be tuned to 
wavelengths ranging from the visible to the infrared region of the spectrum.39 Symmetry-
breaking in 3D shell and 2D ring geometries leads to large modifications of the 
plasmonic properties relative to the corresponding symmetric nanostructure.29-31•54•98•164-
168 For example, merely positioning a symmetric nanoparticle in an electromagnetically 
anisotropic environment, such as on top of a dielectric substrate, lifts the degeneracy of 
the plasmon modes and results in a splitting of mode energies. 75 Placing a nanoparticle 
on a metal surface or film allows its plasmon modes to hybridize with the propagating 
surface plasmons of the underlying substrate, giving rise to additional resonant ''virtual 
state" plasmons at the nanoparticle-substrate junction. 169 
Even more dramatic changes in plasmonic properties result when the nanoparticle 
morphology itself is altered anisotropically. Increasing or decreasing the thickness of one 
side of a nanoshell results in a nonconcentric offset of the core with respect to the shell 
layer, a morphology known as a "nanoegg". 98 In this geometry, the selection rule that 
allows for the mixing of plasmon modes exclusively of the same angular momentum is 
relaxed, resulting in the appearance of new plasmon resonances in the optical 
spectrum.98•167 A further reduction in symmetry would result in a partial shell structure, or 
nanocup, where the shell is entirely removed from one side of the spherical nanoparticle 
core (Fig. 7.1A). This geometry supports the appearance of both "electric" and 
"magnetic" (electroinductive) plasmon modes, with potential applications as constituents 
in optical frequency magnetic materials or in metamaterials.29,3° 
Here we examine, at the individual nanoparticle level, the changes in the optical 
properties of a nanoparticle as we progressively transform its morphology from a 
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nanoshell to a nanocup. This is accomplished by a unique electron beam-induced ablation 
process that allows us to carefully and systematically thin the top of an individual 
nanoshell in a highly controlled manner. By controllable, nanoscale modification of the 
nanoparticle geometry, we also alter its plasmonic properties. Optical spectra of the 
individual nanoparticle were obtained as its morphology was reshaped. Polarization-
dependent dark-field microspectroscopy was used to probe the plasmon modes of the 
sculpted nanoparticle. To analyze and interpret our experimental nanoparticle spectra in 
terms of the plasmon modes supported by that geometry, we utilized fmite element 
method (FEM) modeling ofthe nanostructure in its various morphologies. This allows us 
to definitively connect the resonances we observe in our spectra with the plasmon modes 
supported by this structure. It also enables us to discriminate between those plasmon 
modes inherent to this nanostructure geometry even in the quasistatic limit relative to 
those plasmon modes whose excitation relies on phase retardation effects. 
7 .2. Electron Beam Ablation of Au N anoshells 
The individual nanoparticle reshaping method we report here relies on the 
electron beam-induced ablation of Au nanoshells under a low pressure H20 vapor 
atmosphere (Fig. 7.la). Au nanoshells were first fabricated as previously reported39•40 
and immobilized in a submonolayer onto a poly(vinylpyridine)-coated glass coverslip, 
dispersed by spin-coating.97 In order to facilitate identification of the same specific 
individual nanoparticle in each successive experimental step, the coverslip was 
numerically indexed with a Au finder grid deposited by e-beam evaporation through an 
indexed TEM grid (Ted Pella). 58 Individual nanoshells were then ablated by exposure to a 
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30 kV electron beam under a 2.25 Torr water vapor environment at an 8 mm working 
distance, using Environmental Scanning Electron Microscopy (ESEM, FEI Quanta 400). 
Typically, ESEM allows scanning electron microscopy to be performed on 
nonconductive samples through the introduction of H20 vapor into the vacuum ESEM 
environment to stabilize surface charging, 170 an approach which is quite generally used 
for imaging nanostructures on nonconductive substrates. By exposing a nanoparticle to 
the electron beam for a longer time than required for imaging, we can slowly and 
controllably ablate a portion of the metallic layer of a nanoshell. The electron beam 
continuously scans a small area(~ 500 nm2) ofthe sample containing a single nanoshell, 
allowing for simultaneous ablation and monitoring of the ablation progress by collection 
of video frames (where the electron beam scans the surface at a rate such that a single 
frame is acquired every seven seconds). Several frames from a video sequence showing 
the ablation of a representative nanoshell are shown in Figure 7.1 (b). Here, the upper left 
frame shows the original nanoshell prior to ablation, while the lower right frame shows 
the resulting nanocup, after ablation has removed the top portion of the nanoshell. The 
intermediate frames show the dynamic ablation process from nanoshell to nanoegg to 
nanocup. The process begins with a decrease in thickness of the shell layer, which can be 
observed as a subtle reduction in the brightness in the broad central region of the 
nanoshell image following each subsequent period of ablative processing, as the 
nanoshell is being reshaped into a nanoegg (Fig. 7.1 (b), frames 1, 10, 20, 25). At some 
point, the metallic layer on the nanoparticle surface begins to open, initiating the 
transition to a nanocup morphology. First, several separated perforations in the shell layer 
appear (Fig. 7.1(b), frames 30, 35, 38, 41), which then coalesce into a single continuous 
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hole with irregular edges (Fig. 7.1(b), frames 44, 47, 50). After additional exposure, this 
irregular hole transforms into a uniform opening with well-defined edges, resulting in a 
well-formed nanocup (Fig. 7.1(b), frame 70). 
Nanos hell Nanoegg Nanocup 
B 
Figure 7.1. Electron beam-induced ablation of Au nanoshells. (a) Schematic illustrating 
nanoshell ablation process resulting in the transformation of a nanoshell to nanoegg to 
nanocup. (b) A selected representative sequence from 70 video frames (frame number is 
indicated in the upper left comer of each image) imaging the transition between the initial 
nanoshell and the final nanocup, where each frame represents one complete e-beam scan 
(requiring 7.09 seconds) of a 497 x 430 nm area of the sample. Upper left frame: 
nanoshell before ablation. The top row (1, 10, 20, 25) corresponds to the reshaping of a 
nanoshell into a nanoegg. The middle row (30, 35, 38, 41) corresponds to the appearance 
of small, irregular holes in the metallic shell layer. The bottom row ( 44, 47, 50, 70) 
corresponds to the coalescence of multiple small holes into one larger hole, which 
expands and develops smooth edges as a nanocup is formed. Lower right frame: final 
nanocup at the end of ablation process. 
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Several observations ofthe reshaping process provide information that allows us 
to deduce certain aspects of the ablation mechanism This process is observed only for 
nanostructures on a nonconductive substrate. Therefore it is likely that surface charging 
and possibly local heating are important in the ablation process, since both local charge 
and heat dissipate slowly from isolated nanoparticles on a nonconductive substrate. Given 
the chemical constituents present, it is also not likely that chemical etching is occurring, 
as would proceed ifthe electron beam interacted with a reactive gas etchant species. 171-174 
The ablation rate we observe is much faster at lower H20 pressures (<1 Torr) and 
negligible at higher pressures (max ~4-5 Torr). This also suggests that surface charging 
plays a dominant role, since the presence of H20 vapor stabilizes charging in ESEM 
imaging, and higher H20 pressures would reduce the amount of surface charge on the 
sample. For long exposure times, nanoparticles completely disappear, whether they are 
silica core-gold shell nanoshells or commercially obtained 100 nm colloidal Au 
nanoparticles (Ted Pella), indicating that it is ablation, not melting, that occurs during the 
reshaping process. Where the interparticle separation is less than 1-2 microns, nearby 
nanoparticles not in direct contact with the e-beam can also be partially ablated, 
indicating that the highly focused e-beam itself is not the sole source of ablation. It is 
likely that both the electron beam and ionized H20 molecules, 170 formed by interactions 
of the electron beam with the ambient H20 vapor, induce localized ablation. A possible 
scenario is that the incident electron beam induces a net negative charge on the 
nanoparticle surface, which then attracts the positively charged H20 ions to the 
nanoparticle, resulting in the sputtering of material from the nanoparticle. While further 
experiments would be needed to prove this mechanism definitively, it is important to note 
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morphology is accompanied by a dramatic spectral change, where two distinct peaks are 
now evident in the spectrum, one positioned at 700 nm in wavelength and the other near 
890 nm. The following two ablation steps correspond to a reshaping of the cup to a more 
uniform, semishell structure, accompanied by modest blueshifts of both observed spectral 
features to 660 and 820 nm, and an increasing in intensity of the longer wavelength 
mode, until it is the dominant mode of the final nanocup (vi). 
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Figure 7.2. Scattering spectra and geometry of a single nanoshell after successive 
ablation steps. (a) Experimental scattering spectra after successive ablation steps. (b) 
ESEM images (i- vi) of the nanoparticle morphology corresponding to scattering spectra 
(i - vi) in part A. (c) Theoretically obtained spectra (Finite Element Method) 
corresponding to experimental spectra in a. (d) Schematic of simulated geometries 
corresponding to spectra shown in c. 
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To obtain greater insight into the relationship between morphology and plasmon 
response, finite element method simulations (COMSOL Multiphysics, Inc.) were 
performed on geometries corresponding to the modified nanostructures, consistent with 
the SEM images obtained during the ablation process (Fig. 7.2(c, d)). Simulations were 
performed using the empirical, bulk dielectric function for the Au shell101 and ~: = 2.04 
for the silica core. The conditions of the simulation were selected to closely match the 
experimental geometry observed in the SEM video images, as well as the geometry for 
optical excitation by unpolarized dark-field scattering spectroscopy.58•175 The 
illumination is incident at 75° from the substrate normal and polarized 45° between the S 
and P-polarizations in order to reproduce the experimental unpolarized spectra. For 
simplicity, the substrate material was set to have a vacuum dielectric. The scattered light 
is collected only in the solid angle above the particle corresponding to the 0.9 numerical 
aperture objective used in the experiments. First, theoretical agreement with the pristine 
nanoshell spectrum was obtained, to determine as accurately as possible the precise 
nanoshell geometry from which the ablation-sculpted nanoegg and nanocup were formed. 
For this initial nanoparticle, an inner core radius of 68 nm and an outer shell radius of 80 
nm agreed most consistently with the spectrum and the measured nanoshell morphology 
(SEM image) within experimental uncertainties. Next, nanoeggs were modeled by 
thinning the nanoshell on one side of the structure, flattening the upper half-sphere of the 
Au shell layer (Fig. 7.2d(ii, iii)). The resulting spectra for this geometry agree very well 
with the experimental spectra. For the thinnest nanoegg (iii), both the redshift of the 
dipole mode to 725 nm and the appearance of a higher order shoulder near 600 nm, 
resulting directly from the additional mode-mixing due to symmetry breaking, 98 were 
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·reproduced well in the simulated spectra (Fig. 7.2c(iii). Agreement between theoretical 
and experimental spectra indicate that the metallic shell layer ofthe nanoegg is only 3 nm 
thick at its thinnest point for this nanostructure, which appears to be the minimum 
thickness experimentally achievable prior to an opening of the metallic shell layer. 
Despite the modest spectral changes, significant electromagnetic field enhancements just 
outside the thinnest region of the shell layer may already be present in this geometry 
(E/EO ~ 23 for the proximal minimal-shell-thickness region of this specific 
nanostructure). 167 These large enhancements may be useful in SERS applications, 
especially in a configuration like that reported here, where the thin side of the nanoegg is 
facing up, and therefore the large electromagnetic fields are easily accessible at the open 
surface. However, the thin shell regime is also where quantum effects should become 
important, which may be responsible for significant reductions in the classical 
predictions of enhanced electromagnetic fields 176• 
To simulate the nanocup spectra (iv-vi), the nanoegg simulation geometry was 
altered by further flattening the shell half-sphere such that it lies below the surface ofthe 
core on one side by 3 nm (iv), 5 nm (v), and 15 nm (vi) creating a "hole" in the shell, in 
qualitative agreement with the SEM images (Fig. 7.2b(iv-vi)). In order to avoid 
numerical artifacts due to unphysically sharp edges, the rim of the nanocup was truncated 
by 5 nm and given a 0.5 nm radius of curvature (iv) or was truncated by 10 nm and given 
a 1 nm radius of curvature (v, vi). The simulated nanocup spectra (Fig 7.2c (iv-vi)) show 
excellent agreement with the observed experimental spectra (Fig 2a(iv-vi)). Each ofthe 
simulated spectra has two dominant peaks, both of which blueshift as the cup opening 
becomes larger. Also, as the nanocup evolves to its final morphology, the relative 
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intensities of these two peaks change, a behavior observed in both the experimental and 
theoretical spectra with very good agreement. 
7.4 Analysis of N anocup Plasmon Modes 
To assign the observed spectral resonances to the plasmon modes supported by a 
nanocup, polarization-dependent dark-field microspectroscopy (Fig. 7.3) was performed 
on the final nanocup morphology shown in Figure 7.2(b(vi)). The unpolarized spectrum 
(Fig. 7.3, gray) shows two peaks near 820 nm and 660 nm in wavelength, just as in Fig. 
7.2(a(vi)), yet probing the nanostructure with polarized light reveals that these modes are 
anisotropic. (Here polarization will be defmed asP- or S-polarization with respect to the 
substrate beneath the nanocup.) For S-polarized incident light (red), the electric field is 
polarized transverse with respect to the axis of symmetry of the nanocup. Only the 
redshifted ( ~820 nm) peak is excited in this orientation, confirming its assignment as a 
transverse plasmon mode .. For P-polarized incident light (blue), both peaks of the 
unpolarized spectrum remain observable, a consequence of the dark-field geometry. 
Because the k-vector of the incident light is oriented at 75° from the substrate normal, P-
polarization contains a mixture of both the axial (parallel to the nanocup axis of 
symmetry) and transverse orientations of the electric field. Since the 660 nm peak is not 
observable with S-polarized incident light but is observable with P-polarized light with a 
significant component of the E field along the axis of symmetry of the nanocup, this 
spectra feature corresponds to the nanocup axial mode. 
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Figure 7.3. Polarization-dependent optical scattering spectroscopy of a single nanocup. 
Bottom: Unpolarized spectrum. Middle (top): spectra taken with S (P) polarized 
illumination, where associated schematic diagrams illustrate the orientation of the 
incident k and E vectors, as viewed from the side. Inset: ESEM image of the nanocup. 
Simulations of the nanocup plasmon response conducted with polarized incident 
light reveal a great deal more information about the plasmon modes of nanocups (Fig. 
7.4). Here, illumination is incident such that k is oriented perpendicular to the nanocup 
axis of symmetry, and E is either aligned in the pure axial or transverse polarization. By 
calculating the scattering and absorption spectra of an experimentally realized nanocup 
geometry (the same geometry used in Figure 7.2d, vi) for both transverse and axially 
polarized incident excitation (Fig. 7 .4a, b respectively), it becomes evident that more 
modes are present than are observable in our dark field measurements, which measure the 
polarization-dependent scattering, not absorption, spectra. For both polarizations, the 
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corresponding absorption spectra reveal three distinct peaks, for which the plasmon 
modes may be assigned by examining the charge distribution at the surface of the 
nanocup (Fig. 7.4c, d), plotted in several orientations as defmed by the k, E, and H 
vectors shown. In order to evaluate the surface charge on the metal-dielectric boundaries, 
Gauss's law was applied to theE-field near the boundary to account for both the bound 
and free surface charge densities. The surface charge density may be expressed as cr = 
(Ed- Em}na-, or the difference between the normal components of the electric field above 
and below the metal-dielectric boundary. 177 In order to show the correct charge 
configurations for each mode, the phase of the solution was swept at each peak 
wavelength to find the maximum local charge. Both the transverse mode at 854 nm and 
the axial mode at 649 nm are the dipolar modes (I = 1, two distinct charge lobes) 
observed experimentally in the polarized scattering spectra (Fig. 7.3). The broken 
symmetry of the nanocup geometry relaxes the threefold degeneracy of the dipole mode 
for a spherically symmetric nanoparticle, splitting it into the two observed dipole modes, 
one transverse at 854 nm and one axial at 649 nm. A physically intuitive understanding 
of this splitting may be obtained by noting that like charges around the rim of the 
nanocup tend to repel each other, blueshifting the axial dipole, whereas the transverse 
dipole occurs at a lower energy because opposite charges at the rim tend to attract each 
other. The transverse dipole is a magnetic mode, since opposite charges accumulate on 
opposing edges ofthe cup opening, setting up a current loop at optical frequencies. This 
electroinductive mode has the potential for many applications. For instance, it has been 
shown that this mode is capable of controllably redirecting light,30 and it has been 
suggested that it could have potential for realizing negative refraction index and 
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metamaterial applications at optical frequencies.29 A weak magnetic mode also occurs in 
the axial polarization at nearly the same wavelength. Although the charge distribution 
associated with this mode is skewed to one side and does not appear to be the same as the 
transverse magnetic dipole, its electroinductive nature and similar energy suggests that 
the two spectral features may in fact correspond to the same mode. It is likely that it is 
excitable in the axial polarization in this case since retardation effects in this size regime 
allow the two sides of the cup to be oppositely polarized with respect to each other. 
Therefore the broken symmetry of the nanocup geometry allows the magnetic dipole 
mode to be effectively independent of polarization. 
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Figure 7 .4. Polarization-dependent finite element method simulations for realistic 
nanocups (core radius = 68 nm and shell thickness = 80 nm) .. (a) Scattering (black) and 
absorption (red) spectra for (a) transverse polarization and (b) axial polarization. (c) 
Surface charge plots at the specific wavelengths of the transverse spectral peaks. (d) 
Surface charge plots at the specific wavelengths of the axial spectral peaks. E, H and k 
vectors indicate the orientation of the polarization with respect to the nanocup in the four 
different views. 
For transverse polarization, two additional peaks at 671 nm and 586 nm appear 
which have larger absorption cross sections than scattering cross sections, and which are 
therefore not observable in our dark-field measurements. The surface charge 
distributions reveal that both of these modes are quadrupolar (I = 2) since four distinct 
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charge lobes are present for each, albeit with different orientations. These two modes 
occur at different energies, since the broken symmetry of the nanocup allows the 
degeneracy of the quadrupole mode to be lifted. Interestingly, while the lifting of 
degeneracy for the dipole mode manifests as splitting between the two polarizations; here 
the two split quadrupolar modes are observable in the same, transverse polarization. 
While the 671 nm mode is allowed solely due to retardation effects, the 586 nm mode 
persists even when the nanocup size is reduced by eight times to the quasistatic limit (Fig. 
7.5). This quadrupole mode (586 nm) is therefore excitable not by retardation effects, but 
due to the broken symmetry of the nanocup geometry. Physically, light can induce a 
dipolar charge separation across the rim ofthe nanocup while the overall mode remains 
characteristically quadrupolar. For axial polarization, the shoulder at 570 nm may also be 
identified as a quadrupolar mode, since four distinct charge lobes are evident, despite 
distortion from the background due to the edge of the nearby dipolar peak (l = 1). Here 
this axial quadrupole mode occurs due to retardation effects. However, it should be noted 
that this quadrupole is similar in energy and charge distribution to the 586 nm transverse 
quadrupole. In effect, these two quadrupoles are the same mode that can be excited in 
both polarizations due to the broken symmetry of the nanocup geometry. 
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Figure 7 .5. Polarization-dependent finite element method simulations for quasistatic 
nanocups (core radius = 8.5 nm and shell thickness = 1.5 nm). Scattering (black) and 
absorption (red) spectra for (a) transverse polarization and (b) axial polarization. (c) 
Surface charge plots at the specific wavelengths of the transverse spectral peaks. (d) 
Surface charge plots at the specific wavelengths of the axial spectral peaks. E, H and k 
vectors indicate the orientation of the polarization with respect to the nanocup in the four 
different views. 
7.5 Conclusions 
In conclusion, we have shown experimentally that nanoshells may be controllably 
reshaped using an electron beam in a water vapor environment (ESEM), thinning the top 
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of the shell by varying degrees to form either a nanoegg or nanocup morphology. The 
optical spectra of a single nanoparticle systematically modified in this manner was 
observed using polarization-dependent dark-field microspectroscopy, which, along with 
FEM simulations of these morphologies, allowed us to definitively assign the plasmon 
modes of a nanocup. This approach also enabled us to discriminate between the intrinsic 
plasmon modes of the nanocup, excitable in the quasistatic limit, and those modes 
excitable in larger structures due to phase retardation effects. The plasmon mode 
assignment obtained in this manner will be useful in developing applications of 
nanocups, whose plasmon modes have already been identified as having unusual and 
unique light-refracting properties. 
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